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ABSTRACT 


The proteins of the 80S cytoplasmic ribosomes isolated from dry 
embryos of Gateway barley and its virescens mutant were compared by 
one and two-dimensional electrophoresis. The monosomes of both lines 
gave similar patterns with 60 basic proteins. After dissociation of 
Sie wf eee of the dry embryos the respective subunits of the normal 
and mutant had the same number of acidic proteins with similar mobil- 
ities. However for the mutant, the basic proteins of the 60S 
Subunit migrated less than those of the norma! and lacked three of the 
proteins present in the normal but had three additional spots. Also 
the protein patterns for the 40S subunits differed. The mutant 
lacked three of the proteins present in the normal, but had three 
additional spots. Despite these differences both homologous and 
heterologous subunits of the two lines were able to reassociate into 
monosomes which were active in poly (U)-directed polyphenylalanine 
synthesis. 

The patterns of the basic proteins of the 80S cytopiasmic ribo- 
somes from seediing leaves of the normal and mutant were similar with 
60 proteins and they were like those of the 80S ribosomes isolated 
from the dry embryos. The basic proteins of the chloroplast ribosomes 
of the two lines gave similar patterns with 53 proteins. However, disc 
gel electrophoresis of the acidic proteins of the cytoplasmic and 
chloroplast ribosomes isolated from seedling leaves of the normal and 


mutant showed differences between the two lines. 


snk Paphpalg, aitmeetqo2 208 263, To. gabadona, 96 
. si 2  aiseaadnmisets Taianaglb-o baa 
ath , 198: "peri. ofzed 02 Athy 2yredieg ete ove 7 
Cameron st Todas ait, 2oyidne ‘ob td "o egapaedy tt a 
“ify velbwke: dain antgdons atbtze Yo vossun snus at bat Im bn 
“WOR ais 10 zntstowe, sized, oN, .Anetum and wt wevawel. .aptat 
nit Fo. sad abate Maio 947 30 ceuts aed cont Noganptn Ata 
_aglA. «2ieae TRRoTErhbS sexist Por 20. femvon ond of Svezeeg, ankeoeig 
ingan $5 PEAIBathmipor cob ott or zoneadeq Mazorg ee, - 
sibs Sua ferion iat pase cniotova afd Yo ents: ba ‘ 
“ 
. 


Say paragtonen ised eapnath tie anos 29298. eogg fanotsthbe | 
ieee ciaiels as wt sstene eee 
antastetyisiiquiog \bsdzevtb-(U) yfoq at svitas ovew dott aamozonem 

steading 

ie cor << ate eaalepelnaaneaiatee | 
on & fsinvan att? to esse! gnifhass mov? 2am0e 
{2 Vo. a2oHia 947 snow yord baw antereng OR 
] vized oAT .2cyedme qb at mo 
tata ce aT it 


’ ca 


ACKNOWLEDGEMENTS 


I wish to express my deep sense of gratitude to Professor Saul 
Zalik for his valuable guidance and encouragement during the course of 


cr 


my research program and during the preparation of this manuscript. 
The excellent technical assistance of Mr. Barry Zytaruk is gratefully 
acknowledged. Also thanks are due to Mr. M.R. Aarbo for calculating 
the values of sedimentation coefficients and to Mr. Michaei Batory 
for assistance in preparing the plant material. 

I would like to express appreciation for valuable suggestions 
and help received from my colleagues, especially Dr. A.S. Cohen through- 


ris teen A 
“WS. Georgina 


cut the course of this study. Thanks are expressed to Ms. Georg 


French for efficient typing of the manuscript. 


ia 


Finally, I wish to thank the Government of 


india for awarding 
me the National Overseas Scholarship during the course of this 


a 


investigation. 


aetna 


‘ian vy wii a FE: ash wi sadn 'ow ta ty | " 7 a ry 


19 nwo oy? evi beets Lina sonepten. “fneisT ev. “a LB. soll 


ssi ~ pine es ey?) VOIsH} ia ee bith. Rain ting bis 
ah tags 149) ‘ata. singh tb 


Whe aye 3 ae, er ee a sips hei 
phates ov (a AR oF eth sis 2nrer iene ns b 
ee rand aM Cs Quek sjuplai tt. Gait zeranatl lee “tp ad 

. i  iebvaer inate on vial pe: amt. nee 
"sabia hue aieau' av na) werstt ooh ie inde 6f eaTT ‘fom t 
=o wate “ af i tkfohaad abipds 1 (65 con vesting 
— aren gc ty ‘et at | ebnka ae * union i 

| i? huge “Sif Ye a bid coe “ae inh 
‘yt fi sienn “hy Sears didsd a pw.t sega 


>, art ™ ald OHS i My tee irigtsionse sO was ate 


» wv, SY - 


: | +h ‘eS a 
Setar asia, | | 

: 7 pari eae Se ie ; " m 
[ . 


ae ata a2 ae 
i” = rise 


TABLE OF CONTENTS 


LG EGAN UTS MON Pa a ae tee ae a rE Ale ea at a a aN aR 
ENGR eCUREE REN LEW2 < cert ec eertt ee crt acta ey eee | meme een ree 
Ra S CUS ee tania tree eee VRE Ae ec bea ru ee are cot Sc She ast 
Chloroplast and Cytoplasmic Ribosomes of 
STA OSHA ag Sy rai Re EY BNO i a ea ig San 
PAEDOS Oa: eS UU | SamMe Retr cme ire Mutt ee corest attr i Jit tee Comey. 
MEDS SOCKALS OUM MEI e we acs ca ttoe mise Or Shade sae eases woe 
ABCA SSOCG GLI OMe aaa clas vats 7G onload «Pee OS Cee es ee 
ReanOS Ole HRT OONUG PET OeNGAUnes c ur lu ce oe a eee tres eee eer ea eres ee 
Parte Ribosomal) BEOtGINS weprwin is cat fc ale ca we cere ne a ote eee 
BEOKa ny Olle ands PuKdrvOUlceth | DOSOMa ier COLEINS: ear. eee 
MUAOeNOtdsincorporation. DY Plant System... oecc...s.e.cns te 
Seem AN MER LIC smecerneevarstee s fa tatene a chcts carat ter wan Manee, taoe cre ace eens 
Sees te ee Soke co a vee ts Ret oe eae dak ice: ahaa Sas cies dois Leela ae Wel erste «eater a eraieie ale ace 
RAL Aamlcit Clot), taadstans er necetecers rele a eh everets is eve cele. Xk ce ee vel erste te wile ar eak eves “ue eet 
BUETCr COMPOST GLON «sie sek mnie a bv 2 nie wi dee ss s/siea + os nea Oe se 6 6 « 
Isolation of Ribosomes from Seed Embryos «...cccerccescccccces 
Dissociation of Cytoplasmic RiboOSOMES -«.-.eeeeeeesseeesccenees 
Reassociation of Ribosomal Subunits .--..see reer cescccccceees 
Isolation of Ribosomes from Seed]IngS ---+-seeeeeeesseeeeeeece 
Analysis of Purity of Ribosomes and 
RU ISOia Tee LID UIT TS ee caatetane cecal tueiele Gone c's aleters ais a lecatetare ore atte nia e sceie ce 
BDO SOie Le OC O lig ae er ieieie telale or ones sec stare ivce a \e craletelee sel o retersters « slelets 
i. Extraction of ribosomal proteins ----eeeseee cece eeeesesene 
ii. Polyacrylamide gel electrophoresis 
OF TiboSoOMal PLOTEINS -- eee errr ec ee revere v secre reveverees 
a. First-dimensional polyacrylamide gel 
CTSACEVOPNOLreSiS cece eeeceeeeeevecccreeevecsscsererene 
b. Second-dimensional polyacrylamide 
Gel (G] CECLODHOLESTS, 2 oem dom vice mc ciw eis wie ere fie wale ers 
JaG=pnenyliajanine mMCOrporalionsescuaies: ee. -s9 es 2a. seas esc 
EST al MU he LL ACU oo DUN Gee setter ce ete cote tetera. ema winter tances elctiia Sates ate ie's 
Isolation of Ribosomes and Ribosomal Subunits 
FVOMABALTAY EMD VOSe oe ooo ce ns srclaiw craters 6 Ww clots sss wots eLeinie eens aise 
Analysis of Purity of Ribosomal Subunit 
PYEDACALIDNS (cette sec at asi wate te ieee se pe rep anes a sfas ch ale eels ielelae 
Reassociation of Ribosomal Subunits ..-...-ceeee eres cescceeees 


VII 


re 


a= ee nds Gar u Kae 


a 


7! 


i a ‘* 
+f ae PCy os! 
varvs? soe ah ea . 7 2 ewan 
ae rie i ceaeasn ahr aigay ae 
Sy en et ae [Pere © t.<) : ‘ 
babies boas Bed webs? 03-08 fash eta Ke hie 
aats thebeats *eAS his wh Si YRE Teas! aw ies C= 
im recent 7, aie ¥=50 08's 
Wawa oi Sak. «4% 
cane > Fee ee oo : 
Ep ag enna yer Vip wea 
S dtent BET auenh ta tc o MONMLS, Teale VO RST, 


2146+ +865 S279.) 0458? tee , ee es 

= o 1 core! . 

@) ¢sea¢ a+ + =e ® 7 . vie o>. cok wp 4 : as «=, % 
rs ee Layee bdbaisees : : 
op ts neh Ser em 5 ‘7 


oe) $omnans Fe ore 720 aaa eh rei 7 

Reve de se eam! CH Ob Ole ods Wyant av, 1% 

oer a mT a eee: *6 FP 

Seemed eens eh ey thw ww ess net vi SA At 

ar for a q? 7 

ek 0 Ae ee i Aik 

. Oe Me bie Whit aber Hess Vat igce Ree eres « eos 2)( ba, 
SeROabe Westies hi thw ee esas Palatac ae 10 (eet 

Piriocestuniv ige. sbtaalyiaey? 

4 


ee taba * ni tecinatat ye #10%K 
ioe ian falar 


senders org saat sesnuiog Io 


ude, ei sad Ty . Sastre) 
ean Be nee oe neh? 


TABLE OF CONTENTS (Continued) 


PAGE 
Separation of Total Ribosomes into 70S and 
DUSAMONOS OMGSY Sire were pee mm rte as ci atin Co hae ein aes 50 
PUGLEY ERNA LYST SeOm eocparaced sNONOSOMES cs ee a. ses oes es 56 
RL DOSOMALEE GOL OI Set rete tere coc goaks nk Cats ce eos eee hee eee By. 


Two-Dimensional Polyacrylamide Gel Electro- 

phoresis of Ribosomal Proteins from Barley 

EMD WY OSM ca ent Wee aa ea ae sees so eke heres eo ceisler bone die cota es oy! 
Two-Dimensional Polyacrylamide Gel Electro- 

phoresis of Proteins of Ribosomal Subunits 

OTe baw CVmEMD OVO. t earn meee welt testes sa fetel clei tiacs ola Siaka rs" aco eceie's 6 6 63 
Two-Dimensional Polyacrylamide Gel Electro- 

phoresis of Chloroplast and Cytoplasmic 

Ribosomal Proteins from Leaves of 6-Day 


UBD aig Ue Vio COC Matt Smtr rae te atc aticet ee sg clone tots ake BUGS aia ee ocete te cece 74 
GENERA DL SCUSS TON TANDSCONGLUSTONS ite e es wie cima ees ees sip ese ne 82 
CE EGERATUn AC IED uecem pier tranis icvarys fists%ccliegeis chars '< chelate © ciateeels suc astebe oa ieee 86 
ABBENMD DXmpear tah tore tecctee. tate gre ters ctotalsiote oicietn stale cid ete e aes wes cele os" 102 

Phenylalanine Incorporation by Cytoplasmic 

RB OS Olid wrote Su cues crass aisle et crt retera vets svaletata etsy sfetaiete crete eveieha llc els 102 


VIII 


ea seepaeeny ener sees ou 
7. Prov vary Tey eee ee 
pevnpesserierrri-trs 


‘te basees bs tas tsa) sa eee 


“ PT? Cet eee ee 


Bet <SsAre * <@e9es «~@ 916 oe 


a st Dhetshs PR iep aig va vung 5 Qe LED praise 
(pe atdee Hide = ¥eU * een4 tee ove MOTT 


> 
TAL oi csevPueyie ras 2 ee seeten seeo~¥e Peta ae’ a , 


panty! - hi nihuapeet see 


¥ 
a 


EDS ISOPPLABRES 


Table Page 


I. Electron microscopic studies of chloroplast and 
CVLOPUASMLCanADASOMEST. F ateiere Otol Gee. ee Oe MR. cass 10 


II. Phenylalanine incorporation by cytoplasmic ribosomes 
and combinations of the ribosomal subunits from 
embuyos tof .Gatewaymbar ley ratid SHES HU TAMN Wy eon tesererer cence oterstenorecoreee 104 


“4 
> 


a. 


sxwAT 1B !T8la- 


Panag ia 36 tari z i oeaeots ong: 
“Onda a sd we : " ain py ateeeenaRe 


t + a pas tween 
; PP re cee ee ee at iss : 
, Gord Bathe sae - 


4 ¢ = 7 Fy Poxe - 7 
gawassdi4 offeatiulea al nar anoniognt sain iotnety 
7 re ene > 7 edhe | | cee ay 2 9 rs 6 i } e >for Sanhaente ad (- 
ipl GePere ews ep reese a | 4 ‘, Hite 7 ; ; re Ve Vie ti (i hetee hae yee 


Figure 


tiie 


LIST OF FIGURES 


Analytical ultracentrifuge pattern and sucrose 
gradient analysis of ribosomes isolated from embryos 
OfMGdvewa YuaDaa eve SCOCSII MY, PIDLVOS: sno con ko ht heats OP SAO Re 


Sucrose gradient separation of 40S and 60S ribosomal 
subunit tsmoteGatewaymbarley embryos) Jaaves. af. Gates... .. 


Polyacrylamide gel electrophoresis of RNA extracted 
from ribosomes and ribosomal subunits of Gateway 
Dd QviESrop sass. Ph ponaets. as. the, Gateway, baplev Iho. os. 


Analytical ultracentrifuge pattern of ribosomal 
subunits isolated from Gateway barley embryos ........... 


Sucrose gradient centrifugation of 40S and 60S 
subunits of ribosomes from normal and mutant Gateway 
Diciea Ca Gi Fay Oma area teaete Wie cots ecteie ean SiC eo ee een eee hares 


Formation of reassociated homologous and hybrid 
monomers from cytoplasmic ribosomal subunits of 
Gateway barley cand a0S=mitanteeniDCyOS aceon oe ee a ees 


Sucrose gradient separation of chloroplast (70S) 
and cytoplasmic (80S) from leaves of 6-day old 
GEECWAY TDA EVES eG IA NGS scott. otha eta gts cr stein tacate to Since a ors ccee 


Analytical untracentrifugation pattern of chloro- 
plast and cytoplasmic ribosomes from leaves of 
6-day Ol deGalewayuan) GY SECC TINGS <0 t ce ns aves eiccere cisrels 


Two-dimensional gel electrophoretograms of proteins 
from the cytoplasmic ribosomes from embryos of 
GacewaVabar ley n( Amand tSamiicante (me ce naam gh attests 


Two-dimensional gel electrophoretograms of the 

proteins of the 40S subunits of cytoplasmic 

ribosomes from embryos of Gateway barley (A) 

ATI CHET CSM CAVE SEC y Materia erate ce arc rtatererea tories cs eee ate cee r 


Two-dimensional gel electrophoretograms of the 

proteins of the 60S cytoplasmic ribosomal subunits 

from embryos of the Gateway barley (A) and its 

RIC CAT boro) Benne ee ce re taias stow N sn nts ont eet tetera tare haere 


Page 


. che hae « «e< @™ 09 eats exe eh res =) 


“Fy 9 Triatubacerictahs | ag 
riba Renta =. 


dq Wetteb.ianut! tng: quote — 
; yeti | isieat Cb. we anes wed ; 
1 a Mi hatzans i tes ne: 
ang lati a" josie 


fieu'aas@ Ga we a's OS Cabeeee celia @s 
‘phous ba lQeazeet pps 
16.227 , a) INET en) npomer 
%2 Inia Poa. we O69 daw ifs 2 ot bile “et aad 


aay ide to. wrhdat 
Ney teal net | 220) ‘3 Socal Om 


vf ee Or eee ee 2 ee ‘ yh4 


" _ aeaer 


—_ Shavirde “ped aoe | = —_ 
7 #. Ldakonten ‘ than: Ine ro yom 


aL 
iF aay 


Figure 


12. 


13. 


14. 


15% 


16. 


LIST OF FIGURES (Continued) 


One-dimensional polyacrylamide gel electrophoresis of 
the acidic proteins of the ribosomes and ribosomal 


SUDUNTUS 501 Gatewa Vo DAGLCVio ccc sca sles «ec sss eerste ls 


Densitometric tracings of gels of acidc proteins of 


ribosomal subunits of barley embryos .....-eseeeeeeeeeees 


Two-dimensional gel electrophoretograms of the proteins 
from cytoplasmic ribosomes from the leaves of Gateway 


Dac leva Pomancmr ESOMMUCANE MCB) fee cea te sees siec ewe ae 


Two-dimensional gel electrophoretograms of the protein 
from chloroplast ribosomes of the Gateway barley (A) 


GHOST USTUCOTLUM CD eee ve ote cae acne re ee chs eeete wc een 


Densitometric tracings of gels of acidic proteins of 
chloropiast and cytoplasmic ribosomes from barley 


SEO] TGS eminent tate econ eines Neer e wit c's oleae inte ska e c's tae se sieheieinie res 


XI 


Page 


} oe oe Ae 
nw Wiest @ «rr iwi e® sleet po . 4 es 
c ’ : 
ey ‘ re 
. ua ee 7 
7 


» 7 
eipetsmtee’ @e2 ~2 04 


eri ysin, buy Ts 


eg feaod Ly 
er d i < a a " 
~ ee - i i’ @@ = # e@e sp ere) eos eee 3} 


io Aitak. 7072 FE “tote ue 
ead) Bbw gg L> bad: 


' 
i‘ Sette op = Ue PPT) ore Gg &s\6 @** 5," the S/O OS ae ven 


3 
7 


SK 
Z 


‘ ves 
— > 
- * + * ww 
* * 
2 * 
= = = , ? -_ > aa bs 
ce! 
all a] oe 2 3 
. &.. 
; 2 


LIST OF ABBREVIATIONS AND SYMBOLS 


A Angstrom 

ATP adenosine 5! triphosphate 

1-D One-dimensional 

2-D two-dimensional 

DTT dithiothreitol 

EDTA ethylenediaminetetraacetate 

EGTA ethyleneglycol bis (g-aminoethylether) - N.N!-tetracetate 
GTP guanosine 5! triphosphate 

mA milliamperes 


poly (U) polyuridylic acid 


PAGE polyacrylamide gel electrophoresis 

r-RNA ribosomal ribonucleic acid 

S Svedberg unit of sedimentation velocity 

SDS sodium dodecyl sulfate 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
TEMED N,N, N', n'-tetramethyl ethylenediamine 


tRNA transfer ribonucleic acid 


XI] 


. 
S16 ten isat on tani brcal wiee 

tomo Side eheaines vid codes 
Og 8 ey ie co re pl squmenp 


eorseeed Ube 

btor oi fubtau¥leg 

Shasigoisale. ap solastywayleg 

hiss stolquindia fanpeadia 

_witaofey Hojtedtenloge Yo inn y emdbowe 

: ainive (Yyoabas rag be 

sediiibitian fey abinbiyiog yiog iietTue fyaubob apbbae 


< snipdibanatygito tyteanardar-"4 .'8 a of 


rere 


aia 


-_ 


x 


- 


& 


- _ - 


ae) 
- 


INTRODUCTION 


Comparative studies of Gateway barley and its virescens mutant 
in this laboratory have shown that although the seedlings of the mutant 
were low in pigments (Maclachlan and Zalik, 1963) the deficiency in 
chlorophyll production was not due to an inadequacy of the chlorophy? 
precursor s6-aminolevulinic acid (Sane and Zalik. 1970). Chloroplasts 
of young seedlings of the mutant were abnormal and contained large 
vesicles (Maclachlan and Zalik, 1963; Jhamb and Zalik, 1973). The 
total RNA content of leaves of the mutant was less than in the normal 
(Miller, 1965) and in the juvenile state leucine U-!4c incorporation 
into protein by the mutant was less than for the normal (Sane and 
Zaiik, 1970). More recently it has been found that etioplasts of the 
mutant lacked crystalline prolamellar bodies (Jhamb and Zalik, 1975), 
that the mutant lacked a number of soluble and lamellar proteins in 
the early stages of development and the photoreductive activity of 
plastids from 4-day old mutant seedlings was only 5% of the normal 
(Horak and Zalik, 1975). In these studies it has been noted that during 
the course of development (about 8-day) the chloroplasts of the mutant 
assumed a normal structure and the mutant acquired the same complement 
of proteins and pigments as the normal. 

Jhamb and Zalik (1973) hypothesized that among the undetected 
proteins of the mutant in the juvenile state there was probably a key 
protein which was affected by the nuclear mutation (Stephansen and 


Zalik, 1971) and might be prerequisite for the formation of other 
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proteins and pigments. 

It has been implied that the production of crystalline pro- 
lamellar bodies in etioplasts is related to the presence of ribosomes 
(Gunning and Jagoe, 1967; Wellburn et aZ., 1977) and studies from many 
laboratories have established that both chloroplast and cytoplasmic 
ribosomes are involved in the synthesis of chloroplast membrane proteins 
and of RUDP carboxylase (Goodenough and Levine, 1970; Eytan and Ohad, 
1970; Kawashima and Wildman, 1972; Hoober, 1970, 1972; Bourque and 
Wildman, 1973; Bar-Nun and Ohad, 1977). Furthermore, the absence or 
alteration of specific ribosomal proteins have been related to gene 
mutations in £. colt (Krembel and Apirion, 1968; Funatsu and Wittmann, 
1972; Funatsu et aZ., 1972) and in Chlamydomonas reinhardi (Mets and 
Bogorad, 1972; Davidson et aZ., 1974; Brugger and Boschetti, 1975). 

Thus with respect to the Gateway mutant it was inferred that 
during the early stages of development it might have a defect or 
deficiency of chloroplast or cytoplasmic ribosomes. Indeed, unpublished 
data from this laboratory showed that in comparison with the normal at 
2 to 4 days the mutant had fewer ribosomes of both classes and the 
largest difference appeared to be due to a reduction of chloroplast 
ribosomes. 

The object of the research reported in this thesis is to further 
these studies. The proteins of the cytoplasmic ribosomes and ribosomal 
subunits isolated from dry embryos as well as from chloroplast and 
cytoplasmic ribosomes isolated from seedlings were compared by poly- 
acrylamide gel electrophoresis. Reassociation studies were conducted 
and in conjunction with these the incorporation abilities of reformed 


homologous and heterologous monosomes were investigated. 
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LITERATURE REVIEW 


Ribosomes 

The ribosome is a complex organelle made up of three molecules 
of ribonucleic acids, many different protein molecules, and certain 
monovalent and divalent cations, arranged in two interacting but sep- 
arable subunits (Kurland, 1972; Wittmann and Stoffler, 1972; Nomura 
et al., 1974). The ribosome is the site of protein synthesis in all 
living cells. It carries at least two catalytic sites that participate 
in this process and also serves as the focus and organizing center of 
the protein synthesizing apparatus. As such it interacts with other 
macromolecular components of the apparatus: messenger RNA, aminoacyl 
and peptidyl t-RNA and numerous protein factors that assist in peptide 
chain initiation, elongation and termination. The structure and fun- 
ctions of ribosomes have been extensively reviewed in several recent 
articles (Boulter, 1970; Borst and Goivell, 1971; Kurland, 1971; 
Boulter et aZ., 1972; Borst, 1972; Nomura, 1973; Zalik and Jones, 1973). 

Studies on ribosomes from various sources have shown that they 
have many properties in common. From the sedimentation coefficients 
which have been reported for ribosomes from different species of micro- 
organisms, plants and animals, it appears that ribosomes fall into two 
distinct classes. Prokaryotic (bacterial and blue-green algae) and 
certain cytoplasmic organelles (chloroplast and mitochondria), contain 
a "small" type of ribosome which sediments in the 70S range, while the 


cytoplasmic matrix of eukaryotic cells (animals and plants) contains a 
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"large" type of ribosome which sediments in the 80S range. 


Chloroplast and Cytoplasmic Ribosomes of Plant Systems 

Chloroplast ribosomes can be distinguished from the cytoplasmic 
ribosomes on the basis of their characteristic sedimentation coefficients 
as well as the sedimentation coefficients of their subunits and RNA com- 
ponents (Brawerman, 1963; Clark et al., 1964; Boardman et al., 1965; 
Boardman, 1966; Loening and Ingle, 1967). Several attempts have been 
made to characterize ribosomes from greenalgae by their sedimentation 
properties (Eisenstadt and Brawerman, 1964; Sager and Hamilton, 1967.. 
Rawson and Stutz (1969) determined the presence of 79S and 69S ribosomes 
in Chlamydomonas reinhardii. They found that the ribosomes, particularly 
the 69S particles,were unstable at a low ratio of divalent to monovalent 
ions. Hoober and Blobel (1969) demonstrated that chloroplast ribosomes 
of wild type cells were more sensitive to changes in magnesium concen- 
tration than cytoplasmic ribosomes. As the Mg?* concentration was low- 
ered a series of changes occurred in the chloroplast ribosomes which 
resulted in a progressive lowering of their sedimentation velocity. 
These changes might be the result either of an alteration in ribosome 
conformation or of a loss in protein bound to 70S ribosomes. The sen- 
sitivity to Mg?* ion concentration together with the susceptibility of 
chloroplast r-RNA to degradation probably explains the heterogeneity in 
sedimentation velocity of chloroplast ribosomes reported previously for 
Chlamydomonas (Gillham, 1969; Sager and Hamilton, 1967) and other organ- 
isms such as Euglena (Eisenstadt and Brawerman, 1964; Smillie et al., 
1968). Bourque et az. (1971) confirmed the observation of Hoober and 


Blobel (1969) that chloroplast ribosomes of Chlamydomonas can undergo a 
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progressive decrease in sedimentation velocity in response to sequential 
reductions in magnesium concentration, prior to their actual dissociation. 
Similar changes were not observed in the case of cytoplasmic ribosomes. 
Hoober and Blobel (1969) found that these chloroplastic ribosomes were 
stabilized and could be isolated in the presence of 20 to 25 mM MgCl... 
They were, therefore, able to characterize both the chloroplast and 
cytoplasmic ribosomes of the Y-I mutant of Chlamydomonas retnhardi with 
regard to the sedimentation rates of the monomers, the subunits and the 
r-RNA and to obtain electrophoretic patterns of the ribosomal proteins. 
They have shown that the 68S ribosomes of the Y-mutant contain 23S and 
18S RNA. Johnson (1968) and Goodenough and Levine (1970) have presented 
evidence that 70S ribosomes and the 23S and 16S r-RNA are indeed of 
chloroplast origin. 

Subsequent investigations by Rawson and Stutz (1969) provided 
clear evidence that intact chloroplast ribosomes from higher plants in 
fact sediment at 70S and contain 22S and 17S RNA. Both Boardman et al. 
(1966) and Van Kammen (1967) obtained active chloroplast ribosome frac- 
tions from tobacco leaves but the preparations were 50% contaminated 
by cytoplasmic ribosomes. Ribosomes of the cytoplasm can occur bound to 
the membranes of the endoplasmic reticulum (Blobel and Potter, 1967; 
Murthy, 1972), to the outer envelope of the nucleus (Whittler et al., 1968; 
Kellems et al., 1974),to the cell membrane (Glick and Warren, 1969) and 
to the outer envelope of the mitochondria (Kellems and Butow, 1972, 1974; 
Kuriyama and Luck, 1973). The ribosomes bound to the endoplasmic retic- 
ulum synthesize mainly secretory protein (Redman and Sabatini, 1966; 
Redman, 1967) and membrane bound proteins (Dallner et al., 1966; Lim and 


Adams, 1967). Opik (1968) and Payne and Boulter (1969) also suggested 
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that membrane bound ribosomes preferentially synthesize storage protein 
in the cotyledons of developing pea and broad bean séedst Ribosomes 
are bound to endoplasmic reticulum in part by the nascent protein chain 
(Adelman et al., 1973). 

Chloroplast ribosomes are either attached to the photosynthetic 
thylakoid membrane or are free in the chloroplast stroma (Chen and 
Wildman, 1970; Margulies and Michaels, 1974). Thylakoid-bound ribosomes 
of both algae and higher plants occur in arrangements which suggest poly- 
ribosomes (Margulies and Michaels, 1974; Falk, 1969; Clark et al., 1964). 
A large percentage of chloroplast ribosomes of Chlamydomonas retnhardt 
are recovered bound to isolated chloroplast membranes when completion 
of nascent chain is prevented with chloramphenicol (Margulies and 
Michaels, 1974; Chua et al., 1973). Since thylakoid ribosomes are 
attached to the membranes in part by nascent chains (Chua et al., 1973; 
Margulies and Michaels, 1974) and carry out amino acid incorporation 
into products which are released to the membrane it was suggested that 
they synthesize thylakoid protein (Margulies et al., 1975; Michaels and 
Margulies, 1975). Only 5% of the chloroplast ribosomes of Chlamydomonas 
reitnhardt occur free in stroma and over half of the chloroplast ribosomes 
are bound to chloroplast thylakoid membranes if completion of nascent 
polypeptide chains is prevented by chloramohenicol (Margulies and 
Michaels, 1975). 

Hadziyev and Zalik (1970) reported the isolation of ribosomes 
and polyribosomes from wheat chloroplasts. Using sucrose gradient and 
analytical ultracentrifuge analysis they showed that polyribosomes from 
chloroplasts of 4-day old seedlings had mono-, di-, tri-, tetra-, and 


traces of penta-ribosomes while those from 7-day old seedlings had only 
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the mono-, di-, and traces of tri-ribosomes. Without Mg?* in the sus- 
pending medium the polyribosomes dissociated into ribosomal subunits. 
In earlier work Hadziyev et az. (1969) had shown that the yield of poly- 
ribosomes could be increased considerably by using bentonite in the 
isolation meaium. However, they found that bentonite inhibited RNAase 
only about 50%. 

Breen et aZ., (1971) studied the polysomes from barley tissues. 
The extracted polyribosomes were characterized in sucrose gradients by 
their conversion to monosomes when incubated with pancreatic RNAase and 


“i during extraction and 


by their dependence on adequate amounts of Mg 
analysis. The addition of 10 mM DIT was partially effective in prevent- 
ing the loss of higher polymerized states of polyribosomes at KC] con- 
centrations below 0.4 M. Extraction at KCl concentration greater than 
0.4 M and pH 8.0 reduced the amount of ribosomes obtained from the tis- 
sue. They observed the dissociation of monosomes into subunits when the 
tissue was extracted in 0.6 M KCl. 

Ramagopal and Hsiao (1973) reported the isolation of polyribo- 
somes from 4-day old maize shoots, using high pH (8.5) isolation media. 
They studied the effect of pH, bentonite and leaf age on polysomes and 
concluded that bentonite had no significant effect when polysomes were 
isolated from very young tissue either at pH 7.5 or 8.5. However, with 
older leaves bentonite had to be added to the homogenizing buffer to 
preserve the larger polysomes. High pH media appear to be effective 
for obtaining polysomes with minimal degradation from ribonuclease-rich 
tissues, 

Larkins and Davies (1973) attempted to jsolate the polyribosomes 


from pea seedlings by low speed centrifugation of a post-mitochondrial 
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Supernatant made 8 mM in Caae concentration. They observed that exogen- 
Ous and endogenous calcium stimulated polysome degradation. 

Later Jackson and Larkins (1976) reported a procedure for extract- 
ing polysomes from tobacco leaves. In their study, they ground young, 
expanded tobacco leaves in high pH and high ionic strength buffers con- 
taining EGTA (a divalent cation chelator with high affinity for metallic 
cations). Their results showed that recovery of polysomes was reduced 
by the presence of divalent cations (Gack) in leaf tissue and this could 
be overcome by chelations of these ions with EGTA. 

Larkins and Davies (1975) isolated and characterized the total 
population of (free and membrane bound) polysomes from etiolated pea 
seedlings. They achieved a partial separation of free and membrane- 
bound polysomes by relatively low speed centRintigateh of the homo- 
genate. Based on the r-RNA analysis, they concluded that approximately 
45% of the ribosomal material was bound to membrane and the remaining 
55% consisted primarily of free polysomes. The free polysomes could 
be recovered free from membranous material by sedimentation through a 
dense sucrose pad (700 mg/ml) for varying periods of time up to 90 hr. 

Mendiola et aZ. (1970) separated chloropiast and cytoplasmic ribo- 
somes from Euglena gracilis by zonal centrifugation. The particies were 
characterized by their sedimentation rates as well as by their RNA com- 
ponents. Total extracts from the green cells contained 30S, 55S and 89% 
particles or their aggregates depending upon the Mg?* concentration. 
They were unable to detect 70S particles from chloroplast preparations. 
Scott et aZ. (1970) and Avadhani and Buetow (1972) isolated Euglena 


chloroplast ribosomes although their preparations were unstable and 
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dissociated into subunits when pelleted. Lee and Evans (1970) also 
found that Euglena chloroplast ribosome preparations contained 46S and 
55S components which were often present in greater quantity than the 
monosomes. 

Chua et al. (1973), isolated a mixture of cytoplasmic (80S) and 
chloroplast (70S) ribosomes from Chlamydomonas retnhardi free of membrane 
contamination by sedimentation of a post mitochondrial supernatant 
through a layer of 1.87 M sucrose. These two species of ribosomes were 
present in the ratio of approximately 3:1. They separated the ribosomes 
into 80S and 70S fractions by centrifugation at a relatively low speed 
in a 10-40% (w/v) sucrose gradient containing 25 mM KC] and 5 mM MgCl. 

Extensive physical and chemical characterization has been made of 
ribosomes from animals, microorganisms and lower plants. In contrast, 
reasonably complete descriptions of ribosomes from higher plants are 
limited to peas (Ts'o et al., 1958; Bayley, 1964), white clover (Lyttle- 
ton, 1960),;spinach (Lyttleton, 1962), and wheat (Lyttleton, 1968; Jones 
Cb ale Wie). 

In general, estimates of the dimensions of ribosomes in solution 
obtained by sedimentation velocity and other methods are somewhat larger 
than those obtained by electron microscope studies. For the 70S ribo- 
somes of the prokaryates the dimensions are 200 x 120 x 170 A in dry 
state and 290 x 210 x 120 A in solution (Spirin and Gavrilova, 1969). 
There have been several electron microscopic studies on eukaryotic 
ribosomes from both animals and plants. For some of the plants studied 
by various investigators, the dimensions of chloroplast and cytoplasmic 
ribosomes are given in Table 1 which has been extracted from General 


physical properties of ribosomes (Van Holde and Hil], 1974). 
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Ribosomal Subunits 


i.° Dissociation 

There are now many reports of the dissociation of eukaryotic 
ribosomes. Chao and Schachman (1956) and Chao (1957) reported the dis- 
sociation of yeast ribosomes and Ts'o and Vinograd (1961) and Lomfrom 
and Glowacki (1962) reported the dissociation of rabbit reticulocyte 
ribosomes. Petermann (1964) and Tashiro and Siekvitz (1965) isolated the 
ribosomes from guinea pig liver and dissociated them into their subunits. 
In these studies dissociation was acnieved using buffer high in KC] and 
low in Mg?*. 

Polyvinyl sulphate (PVS) was found to induce dissociation of pur- 
ified 80S ribosomes from leaves of Chinese cabbage and tobacco as well 
as rabbit reticulocytes and yeast (Vanyushin and Dunn, 1967). The sub- 
units formed from the ribosomes of different origins were all found to 
have values of about 34S and 50S. In addition to these subunits, ribo- 
somal preparations from plant leaves and rabbit reticuiocytes yielded 
two faster moving components with values of 70S and 100S. 

Martin et al. (1969) described the complete dissociation of 
rat muscie ribosomes into subunits using high concentrations of KCI 
(0.88 M) at 28°C. They found that 40S subunits at 4°C formed dimers 
which co-sedimented with 60S subunit in sucrose density gradient 
centrifugation. Hoober and Blobel (1969) studied the dissociation of 
chloroplast and cytoplasmic ribosomes of Chlamydomonas retnhardt in a 
buffer containing 25 mM tris-HCl (pH 7.5), 25 mM MgCl, and 25 mM KCl. The 
68S ribosomes dissociated when the Mg?* concentration was lowered to 


5 mM whereas the 80S ribosomes dissociated when the Mge* concentration 
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was lowered to 1.2 mM. Subunits of 68S Chlamydomonas ribosomes sedi- 
mented in sucrose gradients containing 0.05 M KC] and 0.01 M tris-HCl 
(pH 7.5) without Mgo* at 28S and 33S, and subunits of 80S ribosomes at 
30S and 43S. Bourque et az. (1971) confirmed the observations of Hoober 
and Blobel (1969) that chloroplast ribosomes of Chlamydomonas can under- 
go progressive decreases in sedimentation velocity in response to se- 
quential reductions in magnesium concentration. 

App et al. (1971) studied the dissociation of ribosomes from 
imbibed and nonimbibed rice embryos. Ribosomes from rice embryos were 
dissociated into ribosomal subunits by systematic reduction of the Mge* 
concentration. The ribosomes from iinbibed embryos were more easily 
dissociated than those from nonimbibed embryos. The resistance to 
dissociation was essentially overcome after 20 min of imbibition at 28°C 
at which time the ribosoines were active in protein synthesis. Ribo- 
somes from either imbibed or nonimbibed embryos could be dissociated 
into subunits when the KCI concentration was 0.5 M KCI in the dissocia- 
tion buffer. 

Lin and Key (1971) reported the dissociation of ribosomes from 
pea root by varying the concentration of KCl to MgCl. or NH,C1 to 
MgCl, in the presence of dithiothretol. The monosomes dissociated com- 
pletely into subunits at 0.5 M KCI or NHC] in presence of 5 mM MgC1.. 
The sedimentation coefficient of the small subunit was more susceptible 
he change in KCl while the 60S subunit appeared to be more labile in 
NH, C1. 

Jones et al. (1972) described the dissociation of zonal purified 


cytoplasmic (805) and chloroplast (70S) ribosomes from 4.5-day old wheat 


seedlings, in the presence of the low MgCl. and high KCl buffer. When 
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80S ribosomes were centrifuged through 5 to 20% (w/v) sucrose gradients 
a considerable amount of 80S did not dissociate. From their results 
they concluded that the 80S ribosomes dissociated into a 60S subunit 
and a 42S or a 49S species. The chloroplast ribosomes (69S) when 
sedimented through a similar sucrose gradient dissociated into 31S and 
49S subunits. 

Cammarano et al. (1972a) purified ribosomes (80S) from higher 
plants (pea, spinach) by zonal centrifugation. Upon dissociation in 
high KCl buffer with Mg?* at 1.0 mM, the ribosomes dissociated into 


e+ free 


Subunits with sedimentation coefficients of 35S and 55S. In Mg 
buffer, sedimentation coefficients of the subunits were 27S and 42S. 

Chua et al. (1973) used high salt buffer to dissociate the cyto- 
plasmic and chloroplast ribosomes of Chlamydomonas reinhardt into 
active subunits of 57S and 37S and 50S and 33S, respectively. Brugger 
and Boschetti (1975) obtained a direct separation of total ribosomes 
(70S and 80S) of Chlamydomonas retnhardi into four subunits by zonal 
centrifugation using 200 mM KC] and 2.5 mM Mgo* in the sucrose gradients. 


They assumed sedimentation coefficients of 50S and 30S for the 70S and 


60S and 40S for the 80S ribosomal subunits. 


ii. Reassociation 

Martin and Wool (1968) and Martin et al. (1969) obtained active 
ribosomal subunits from mammalian tissue using high KCl low Mg?* dis- 
sociation media. They suggested that efficient reassociation of the 
subunits required that the chelating agent (EDTA) be excluded from the 
isolation and dissociation media. 


Using dissociation and hybridization methods Martin and Wool 
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(1969) and Martin et al. (1970) studied the ribosomal subunits from 
protozoa, fungi, yeast, plants and mammals. In general they found that 
the small and large subunits of 80S ribosomes of diverse species could 
reassociate to form hybrid monosomes. 

Van der Zeijst et al. (1972) for yeast ribosomes and Faber and 
Tamaoki (1976) using mouse liver ribosomes reported the preparation of 
active 40S and 60S ribosomal subunits by high salt treatment. The 
isolated 40S and 60S subunits readily reassociated to form active 80S 
monosomes when mixed in the ratio of 1:2. 

Von der Decken et al. (1970) prepared the ribosomal subunits 
from liver and skeletal muscle of rats and found that the reconstituted 
hybrid monosomes were active in the synthesis of polyphenylalanine. 
Cammarano et al. (1972b) also obtained synthetically active hybrid mono- 
somes from reassociation of cytoplasmic ribosomal subunits derived from 
peas and rats. 

Jones et al. (1973) reported the dissociation and reassociation 
of wheat chloroplast and cytoplasmic ribosomes. The 70S and 80S ribo- 
somes were dissociated through zonal centrifugation in sucrose graaients 
containing high KCl to MgCl,. The subunits of the cytoplasmic (80S) 
ribosomes combined readily to form 80S monomers. Although the subunits 
of chloroplast ribosomes reassociated to form 70S monomers, there was 


a relatively large amount of subunits which did not reassociate. 


Ribosomal Ribonucleic Acids 
Using phenol extraction, Spirin (1961) obtained ribosomal RNA 
with sedimentation coefficients of 16S and 25S while Glitz and Dekker 


(1963) reported values of 18S and 24S for the ribosomal RNA isolated 
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from wheat germ. In comparing the ribosomal RNA by polyacrylamide gel 
electrophoresis (PAGE), Loening (1968) found that bacteria, actinomy- 
cetes, blue green algae and higher plant chloroplasts all had ribosomal 
RNA with sedimentation coefficients of 16S and 23S. In comparing the 
ribosomal RNA isolated from bacteria, mammalian tissue and etiolated 
plants, Click and Tint (1967) and Click and Hackett (1966) found that 
the sedimentation coefficients of plant ribosomal RNA were 16S to 16.5S 
andmeteoseLONc4e/Ssrsmprar eto Hesacort (16"59 and 23.58). 

Hadziyev et aZ. (1968) found that the cytoplasmic high molecular 
weight RNA's from two species of wheat were the same with sedimentation 
coefficients of 18S and 25S. Spencer and Whitfeld (1966) found only 
one high molecular weight RNA (16S) in isolated chloroplast ribosomes 
from several plant species. However for Euglena gracilis Rawson and 
Stutz (1969) reported two distinctly different ribosomal RNA components 
for each of cytoplasmic and chloroplast ribosomes with sedimentation 
coefficients of 20S and 24S,and 17S and 22S, respectively. 

Mirault and Scherrer (1971) described a method of electrophoresis 
of RNA in which ribosomes were applied directly to polyacrylamide gels. 
Brugger and Boschetti (1975) by applying this technique to analyze 
ribosomes of Chlamydomonas retnhardi found two RNA bands in each of the 
ribosome classes which they designated as 16S and 23S and 18S and 25S 


for the 70S and 80S ribosomes respectively. 


Plant Ribosomal Proteins 
There have been numerous studies on the proteins of bacterial 
(Kaltschmidt et aZ., 1967; Moore et al., 1968; Craven et al., 1969; 


Kurland et al., 1969; Traut et aZ., 1969; Kaltschmidt and Wittmann, 
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1970a,b; Mora et al., 1971; Wittmann et al., 1971) and animal (Bielk 

and Welfle, 1968; Low et aZ., 1969; Gould, 1970; King et aZ., 1971; Bickle 
and Traut, 1974; Sherton and Wool, 1972, 1974; Peeters et al., 1973) 
ribosomes. However, there is comparatively little information avail- 
able on plant ribosomal proteins. 

Janda and Wittmann (1968) reported a comparison of protein pat- 
terns of 70S and 80S ribosomes from various plants, FZ. colt and yeast 
by disc gel electrophoresis. They found that there is greater similar- 
ity between si orOpiast ribosomes from various plants than between 
chloroplast and cytoplasmic ribosomes obtained from the same plant. 
Odintsova and Yurina (1969) compared the cytoplasmic ribosomal proteins 
of pea seedlings and beans. They observed differences in their protein 
patterns by gel electrophoresis. In comparing the protein patterns of 
cytoplasmic ribosomes of bean and etiolated pea seedlings, they found 
no differences. The results of Gualerzi and Cammarano (1970) who com- 
pared the ribosomal proteins from cytoplasmic and chloroplast ribosomes 
of several plant species (spinach, lettuce mustard, beet) also showed 
that chloroplast ribosomal proteins were different than the cytoplasmic 
ribosomal proteins of the same plant. 

Jones et al. (1972b) described a modification of the two-dimen- 
sional PAGE method of Kaltschmidt and Wittmann (1970a). Using this 
method they found approximately 85 proteins in the wheat leaf cytoplas- 
mic ribosomes and noted that 16 of the proteins migrated towards the 
anode. The chloroplast (70S) ribosomes contained about 75 proteins 
which is more than have been reported for prokaryotic ribosomes 
(Kaltschmidt and Wittmann, 1970b). Upon comparing their ribosomal pro-~ 


teins of chloroplast and cytoplasm from maize and mung beans, Vasconcelos 
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and Bogorad (1971) concluded that each class of ribosome was distinguish- 
able by the electrophoretic pattern of its proteins. 

Nagabhushan et al. (1974) studied the electrophoretic separation 
of the cytoplasmic ribosomal proteins of barley, beans, peas, rye, spin- 
ach and of two species of wheat employing the method of Jones et al. 
(1972b). Among the various sp. examined, they found that wheat had the 
highest number of ribosomal proteins and barley had the least. They 
also reported that although the numbers and mobilities of the proteins 
varied to some extent with the species, there was a similarity in their 
pattern, e.g., beans, peas and spinach were most alike and barley and 
rye were similar. They obtained a significant positive correlation 
between the number of chromosomes and the number of basic cytoplasmic 
ribosomal proteins in the species. 

Freyssinet and Schiff (1974) found 75 to 100 cytoplasmic ribo- 
somal proteins in Euglena gracilis ranging in molecular weight from 
10,200 to 104,000 while the chloroplast ribosomes contained 35 to 42 
proteins with molecular weight ranging from 9,700 to 57,900. They also 
obtained 7 acidic proteins in the chloroplast ribosomes and 2 acidic 
proteins in the cytoplasmic ribosomes. 

Gualerzi et aZ. (1974) compared the cytoplasmic ribosomal pro- 
teins of pea seedlings using urea or SDS two-dimensional PAGE. They 
found 32 intensively stained and 8 faint spots in the small subunit 
and 44 intensively stained and 11 faint spots in the large subunit by 
the urea method. By SDS-PAGE, they obtained 35-40 and 50-60 proteins 
in the small and large subunits, respectively. The majority of the 
ribosomal proteins of both the small and large subunits had molecular 


weights between 20,000 to 30,000. Hanson et az. (1974) characterized 
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the chloroplast and cytoplasmic ribosomal proteins of Chlamydomonas 
retnhardt by SDS two-dimensional PAGE. They obtained 22 and 26 pro- 
teins in the smal] and large subunits of chioroplast ribosomes and 26 
and 39 proteins in the small and large subunits of cytoplasmic ribo- 
somes, respectively. 

Mets and Bogorad (1971, 1972) studied the chloroplast ribosomal 
proteins of erythromycin resistant mutants of Chlamydomonas retnhardt. 
For a mutant which was under nuclear control, they found alteration 
of a single protein in the large (52S) subunit and on the basis of 
electrophoretic mobility they suggested that there was an alteration 
of the primary sequence of the altered protein. For the mutant which 
was inherited uniparentally and postulated as being under plastid con- 
trol, a different protein in the 52S subunit was affected and the alter- 
ation was considered to be either a change in the primary sequence or 
a secondary modification of the protein. Schlanger et al. (1972) re- 
ported a cytoplasmic gene mutation in Chlamydomonas which conferred 
carbomycin resistance and found that this mutation altered chloroplast 
ribosome function. 

Bourque and Wildman (1973) analyzed the proteins of the 50S sub- 
unit of chloroplast ribosomes and found two differences between 
Nieottana tabacum and Nicotiana glauca by PAGE. When they compared the 
protein pattern of F,~hybrids of reciprocal crosses; each of the parent 
proteins were found in both hybrids. Therefore, they concluded that 
these proteins must be coded by nuclear DNA. 

Schlanger and Sager (1974) studied amino acid incorporation of 
five antibiotic resistant strains of Chlamydomonas in order to localize 


the resistance at the ribosomal subunit Tevel. On the basis of subunit 
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exchange experiments they found that resistance to streptomycin, neamine 
and spectinomycin was localized at the 30S subunit, and the 50S subunit 
was the site of resistance to cleocin and carbamycin. They took these 
results as evidence that some chloroplast ribosomal proteins are coded 
by genes in chloroplast DNA. Davidson et al. (1974) compared the pro- 
teins of 52S subunits of chloroplast ribosomes of wild type and of four 
ery-MI mutants of Chlamydomonas reinhardi. For each mutant, one of the 
proteins was different from the wild type on the basis of charge and 
molecular weight. Using PAGE Brugger and Boschetti (1975) compared 70S 
and 80S ribosomal subunit proteins of streptomycin sensitive and resis- 
ant strains of Chlamydomonas retnhardi invoiving both Mendelian and non- 
Mendelian inheritance. They found 25 and 34 proteins for the 30S and 
50S subunits respectively and 31 and 44 proteins for the 40S and 60S 
subunits. Differences in proteins patterns between strains were observed 
only in the subunits of the chloroplast ribosomes. From their results 
they concluded that both nuclear and chloroplast DNA code chloroplast 
ribosomal proteins. Spiess and Arnold (1975) found the protein pattern 
of 70S ribosomes of wild type cells of Chlamydomonas retnhardt different 
from that of a Mendelian streptomycin resistant mutant but not from that 
of a non-Mendelian mutant. On rather tenuous ground they suggested that 
resistance in the Mendelian mutant was associated with a change in the 
ribosomal proteins and resistance in the non-Mendelian mutant was due 


to a change in the ribosomal RNA. 


Prokaryotic and Eukaryotic Ribosomal Proteins 


Isolation, purification and characterization of the ribosomal 


proteins of Bschertchia coli have been achieved in a number of 


i 


i: ol 

a -_ 

“pranan snicnsne of sonsietean tet: brwot Wi | 
. Pirudag 208 seta bac’, Sinwey? 208) ans te $octSes0F prsear sven. 
eden died inst ndoynbeTR bys Btacds> oF sonmbatoat: toate eal 
bpbeo ore edtstorg isaozodit; deafqotofrlo snw2 sont, speebIVe an edivest : 


~ong orld bowsanos (PCI) Se ve-nozbived. .AN0 testgotoits at ee 


‘ict %o-bus says bItw, 10 casiozodin faslgonoino to. zitnudue 282° te ented 
aiid. to Seo ashe dose 10% «Piredinrss sorramk ay Ro aénadum. [Me-yis. 
bnsopyado Tor ekeed Signe sand bfiw. ots most toanaetdd ay antevong: 
20% havoghes (BNOr)<tatedaeo8 bre wept 047 pnt at. drighow vefusofom 
-2tasy bas avid taper ataymotgqesz 40 2nioteva Trwestel Penoeodiy 20 Gns 
-won bAS nish fghastt ihodsprtt Viovht, Srxnclitesd: ssxonch paeatd, $e- anteise See 
ibne: 20 add tod. entsiara HE brs 2S peliot “dnt - -apasbigestn? sat fsbaah 
sogebae'ZUX ate 10? antstorn BY tas, Fe bne -ylevasoubesy: aseoadue 208 
howrerda: eid, entai ae ASswise. envetiad ants soMu ak ecg saad ns hele 
=$fyess 4fais mo =. eeitdeodty seplgorvolrs of! to oe towdwe oid wt ‘gfte 
-S2ephgonnids obo 40) 12s qorrolea fre’ 163! un rdok Deg babul ores yors 


—_ wes 


nrsdton nisger%g sieht (20Cl) blomA dna 2esrq2, -antadong foods 
Ingtstt ip Bive"ifirros acvonotymnidg To..2/ (so sq47 biiw. te aep20dt 1 20840.) | 
dorks, aneit Jon sud insti Inasetess sigmorqese wer opaaelt Saree teat oe, sy 
‘Pend hatzappue Yad bavory-2untings. YsHd5" ng _snecume net Leiter =m | 

jodie Wirapnatt @ taiw basbianees cow. Inatyy oer fobugh grit at sonedategn 


- 


D: 


~y 


-aiiianel jetTahnel-don add nt soneszizer bos antasorgd o2ortte . . 
en ee eID ‘at Oe _ BAG Lanszoder bap oF oso | 


20 


laboratories (Kaltschmidt et al., 1967; Traut et die, moos Hardy’ eeral. . 
1969; Nomura et aZ., 1969; Dzionara et al., 1970; Kaltschmidt and 
Wittmann, 197a; and Kaltschmidt et aZ., 1970). Kaltschmidt and Wittmann 
(1970b) who developed the method of two-dimensional PAGE found that the 
30S subunits of #. coli contained 21 proteins and 50S subunits contained 
34 proteins. At present, there is general agreement to the above noted 
number of ribosomal proteins present in the &. colt ribosomal subunits. 
Different systems of nomenclature had been used by the research groups 
in Berlin (Kaltschmidt and Wittmann, 1970b), in Uppsala (Kurland et aZ., 
1969), in Madison (Nomura et aZ., 1969) and in Geneva (Traut et al., 
1969). For correlation and comparison of the studies done with ribo- 
somal proteins in different laboratories, the pian agreed to was to co- 
opt the numbering system used by Kaltschmidt and Wittmann (1970b) based 
on the mobility of proteins in two-dimensional PAGE (Wittmann et aZ., 
1971). 

Dzionara, Kaltschmidt and Wittmann (1970) determined the molecu- 
lar weight of the isolated proteins from the 30S and 50S ribosomal sub- 
units of E. colt by using two independent methods, e.g., SDS-PAGE and 
equilibrium seaimentation. The results by the two methods agreed well 
and gave molecular weights ranging from 10,000 to 65,000 for proteins 
| of the 40S subunits and from 9,600 to 31,500 for those of the 50S sub- 
Un VCS: 

Sun et az. (1972) compared the ribosomal proteins from nine sp. 
of prokaryotes by PAGE in the presence of SDS. From their results they 
showed that ribosomal proteins from all the species closely resembled 


each other in number and molecular weight. 
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Fractionation studies of eukaryotic ribosomal proteins are not 
as far advanced as those of F. colt. However a number of workers have 
investigated eukaryotic ribosomal proteins by various one- and two- 
dimensional PAGE techniques (Gould, 1970; Bickle and Traut, 1971; 

King et al., 1971; Martini and Gould, 1971; Welfle, 1971; Welfle et aie 
1971, 1972; Lambertson, 1972; Chatterjee et al., 1973; Pratt and Cox, 
1973); Thomas, 1973; Howard et aZ., 1975). 

Bickle and Traut (1971) compared the molecular weight of the 
ribosomal proteins from two prokaryotes, #. colt and Micrococcus 
lysodeikticus andthe cytoplasmic ribosomes of Euglena and mouse plas- 
macytoma cells by SDS-PAGE. They found that the average molecular 
weights of the bacterial ribosomal proteins were substantially smaller 
than the eukaryotic ribosomal proteins. 

Sherton and Wool (1972) determined the number of proteins in 
rat liver ribosomes and ribosomal subunits by two-dimensional PAGE. 
They found 30 proteins in the 40S subunit and 39 proteins in the 60S 
subunits. The 80S ribosomes contained three proteins not present in 
either subunit thus they estimated that eukaryotic ribosomes contained 
between 68 and 72 proteins. Howard et aZ. (1975) separated the ribo- 
somal proteins from 40S and 60S subunits of rabbit reticulocytes by two- 
dimensional PAGE and determined theiv individual molecular weights. 
From their studies they identified 32 proteins in the 40S subunit with 
molecular weights ranging from 8,000 to 39,000 and 39 proteins in the 
60S subunit with molecular weights from 9,000 to 50,000. Welfle et atl. 
(1972) reported 70 ribosomal proteins in rat liver ribosomes by two- 


dimensional PAGE. Thirty were found in the small subunit and 39 in the 


5 table ping sti ae Tian % 
is sige. a ae es 
ath “ts otal Aveta ARTNER Lb ase bed. trent FRE 5 Beiter 
ced lia PEACH, Sp aa pee Sever penne 
a Ci Pee cert beat a A 
shy 2 Jiigiad ve tusatair alg bovegmon (EE) jot t hae ates oe ewe 
queer bre-yGun: .% PRAIA TANG cid OP aerk ager gf snggOery 
anit gona big a ai 7p serene vi tian i qatyo- 33 Oe, aa Abaongt z 4 
olor pears oi see DNF ONT. 2 TARA RYE. a heed “emtygsm 
_ tehime Me toigegiadie ee ghiscon9 ‘Tqvogadaa feuntngsh 19 Yoshio : 
We ee a a gcantoiort: ipmogodl onowipive. i nag? 
at goto te, stag aie Hnsatiger isien ‘oth bas Wot TAME 4 49 
JAAD Tpiet aig th: Mle “4 ettedue ma moped with sgrocadty “aia 
208,512 nF 2nresag Be ne, Jy ‘pul hs stig zateqen ut 00 


erie enene dah ganetona, eat bunt ain aena sod 298, ft 2 brawls 
bentpinngseapered sioyn plus seit}, betauites pete, eunt se yamaha 
_sobgilt betangnse. Laxer) ats iret eutasern 36 om 5.<0te : 
a 


a 


fe a ris sae ‘spotengat h 
f ae Pate H Se eer weth? spe —— 


large subunit. In addition, they also found two acidic proteins in the 
large subunit. Ishiguro (1974) analyzed the yeast cytoplasmic ribo- 
somal proteins by two-dimensional PAGE methods of Kaltschmidt and 
Wittmann (1970a) and Mets and Bogorad (1974). By applying these methods, 
he obtained 28 and 29 proteins in the 40S subunit and 40 and 41 proteins 
in the 60S subunits, respectively. He reported the molecular weights 

to be less than 40,000 and 60,000 for the proteins in the small and 


large subunits, respectively. 


Amino Acid Incorporation by Plant Systems 

Although protein synthesis by cell free systems from prokaryotes 
especially Escherichta colt has been extensively studied (Tissiéres 
et al., 1960, Schlessinger and Gros, 1963; Mangiarotti and Schlessinger, 
1966, 1967; Schlessinger et aZ., 1967; and Sherman, 1972) relatively 
few similar detailed investigations have been conducted with higher 
plant material. Protein synthesis in plants may occur on free or 
membrane bound ribosomes of cytoplasmic, chloroplast or mitochond- 
rial origin (Zalik and Jones, 1973). Thus far, studies have been done 
mainly with cytoplasmic and chloroplast ribosomes. Cytoplasmic ribo- 
somes isolated from wheat germ have been a preferred material of study. 
Marcus and Feeley (1966) reported protein synthetic activity of ribo- 
somes isolated from imbibed wheat embryos and poly (U)-directed 
synthesis by ribosomes isolated from dry embryos in the presence of an 
ATP energy generating system. Allende and Bravo (1966) and de Groot 
et al. (1967) also found similar results with wheat embryo systems. 
They found that activity depended upon poly (U), supernatant, ‘hela K" 


GTP and an energy generating system. From their studies on amino acid 
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incorporation by rice embryos App and Gerosa (1966) also demonstrated 


oo Kan, (NH,"), GTP and super- 


natant factors. They found that incorporation decreased when the ribo- 


an absolute requirement for poly (U), Mg 


somes were washed with deoxycholate and the incorporation was completely 
restored when supernatant factors were added. Later App (1969) purified 
two factors obtained from rice embryo supernatants which were required 
for in vitro polyphenylalanine synthesis. Mehta et az. (1969) found 
that cytoplasmic ribosomes isolated from wheat leaves also had a similar 
cofactor requirement for amino acid incorporation, moreover, ribosomes 
obtained by ribonuclease digestion of polyribosomes had negligible 
activity but it could be increased by the addition of poly (U). 
Sissakian et al. (1965) studied amino acid incorporation by 
ribosomes isolated from pea seedling chloroplasts. Boardman et at. 
(1966) working with tobacco leaves and Hadziyev and Zalik (1970) with 
wheat compared the amino acid incorporating ability of the chloroplast 
and cytoplasmic ribosomes. Although both groups found higher incorpora- 
tion rates for chloroplast than cytoplasmic ribosomes, Jones et al. 
(1973) who studied the incorporation of phenylalanine by 80S and 70S 
wheat leaf ribosomes separated by zonal centrifugation found the rates 
to be the same. They also observed that the 70S ribosomes were inhibit- 
ed by chloramphenicol and both 70S and 80S were inhibited by puromycin. 
Gulyas and Parthier (1971) found cytoplasmic ribosomes of pea 
seedlings were activated in their poly (U)-directed synthesis by washing 
with NH,Cl, KC1, detergents or Sephadex gel filtration. They suggested 
the stimulation was due to removal of an inhibitor of the synthesis of 


phenylalany1-tRNA. 
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Tucker and Zalik (1973) studied the phenylalanine incorporation 
of wheat seedling cytoplasmic ribosomes. When the two subunits of the 
cytoplasmic ribosomes were mixed in a ratio of 2:1 (60S:40S), they 
reassociated to form monosomes but the reassociated monosomes were not 
active in polyphenylalanine synthesis. Lin et aZ. (1973) in comparing 
phenylalanine incorporation by ribosomes isolated from pea root and corn 
leaves at different ages found much higher activity for preparations 


from the younger tissue. 


MATERIAL AND METHODS 


Chemicals 

The chemicals used in this study were reagent grade and were 
obtained from various suppliers. Acrylamide, N,N! methylene bis- 
acrylamide, N, N, nt n!-tetramethylethylenediamine and 2-mercapto- 
ethanol were from Eastman Organic Chemicals (Rochester, N.Y., USA). 
Ammonium persulphate, boric acid, glycine, potassium chloride, sodium 
ethylenediaminetetraacetic acid, sodium dodecylsulphate, triethano- 
lamine, copper sulphate and phenol reagent were from Fisher Chemicals 
(Edmonton, Aiberta, Canada). Triton X-100, magnesium chloride, pot- 
assium hydroxide, urea, sodium acetate, sodium hydroxide, acetic acid 
and methanol were from Baker Chemical Co., (Phillipsburg, N.J., USA). 
Ultra pure sucrose was from Schwarz/Mann Division of Becton Dickinson 
and Co. (Orangeburg, N.Y., USA); and Trizma-base, crystalline bovine 
serum albumin and coomassie brilliant blue R-250 were from Sigma 
Chemical Co. (St. Louis,Missouri, USA). Sodium deoxycholate was from 
K& K Laboratories Inc., (Plainview, N.Y.) and tricine [N-tris(hydroxy- 
methyl) methyl-glycine] was obtained from Calbiochem (Los Angeles, 


California, USA). 


Plant material 

Hordeum vulgare c.v. Gateway and its chlorophy?] deficient mutant 
were used in this study. Dry seeds of both lines were cut with a scalpel 
so as to remove most of the endosperm and the dry embryo ends (unimbibed) 


were used for most of the studies dealing with cytoplasmic ribosomes. 
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For simplicity the dry embryo ends will be referred to as embryos. 

For studies of chloroplast and cytoplasmic ribosomes, seedlings 
of both lines were grown under continuous light at 600 ft.c at 22°C. 
The seeds were grown in vermiculite and prior to harvest, 6 days after 


planting, the seedlings were chilled at 4°C for 15 min. 


Buffer Composition 


Extraction buffer: (50 mM tricine pH 7.8, 5 mM MoCl 
Buffer I 


mM 
9° 40 mM KCl, 
5 mM 2-mercaptoethanol ) 
Resuspension buffer: (10 mM tricine, pH 7.8, 5 mM MgCl.» 5 mM 
Buffer II 
2-mercaptoethanol ) 
Dissociation buffer: (buffer II, containing 400 mM kC1) 
Reassociation buffer: (25 mM tricine, pH 7.8, 25 mM MgClo, 25 mM 
Buffer III 
KC1, 5 mM 2-mercaptoethanol ) 

Grinding buffer: (buffer III, containing 4% triton X-100) 
Buffer IV: (25 mM tricine, pH 7.8, 5 mM MgCl, 25 mM KCl, 5 mM 


2-mercaptoethanol } 


Isolation of Ribosomes from Embryos 

Ribosomes were isolated by a modification of the procedure des- 
cribed by Jones et az. (1972). Ali operations were performed at 4°C. 
Twenty grams of embryo ends of bartey seeds were homogenized 3 times 
intermittently with a polytron homogenizer (Brinkman Instruments 
[Canada] Ltd.) type P.T. 200D for about 40-50 seconds in 80 ml of 
extraction buffer (buffer I). On the basis of many preliminary trials 
this medium and volume gave the most reproducible preparation of pure 
ribosomes. The homogenate was clarified by passing through an Acme 


Superior Juicerator (Acme Juicer, Mfg. Col, Sierra Madre, Calif., USA) 
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lined with miracloth. The filtrate was brought to a final concentration 
of 4% Triton X-100 by the addition of 20% Triton X-109 in extraction 
buffer. The resulting suspension was stirred for 15 min and then 
centrifuged rine at 10,000 rpm in a 970 IEC rotor for 15 min to remove 
the heavy contaminants and then the supernatant was recentrifuged at 
20,000 rpm for 40 min. The supernatant obtained was filtered through 
miracloth (Calbiochem., La Jolla, Calif., USA) and layered on top of 

7 ml of resuspension buffer (buffer II) containing 1 M sucrose in poly- 
allomer (#320823) ultracentrifuge tubes obtained from Beckman Instru- 
ments (Palo Alto, Calif., USA). Ultracentrifugation was done at 55,000 
rpm for 2.75 hr in a Spinco Ti 60 rotor (Beckman Model L2-65B Ultra- 
centrifuge). The ribosomal pellets were resuspended in 1.5 ml of 
resuspension buffer and centrifuged at 17,000 rpm for 15 min in a 970 
rotor. Ribosomal yield was estimated by determining the OD of the 
supernatant at 260/280 nm using a Beckman 25 spectrophotometer (Beckman 
Instruments, Palo Alto, Calif., USA) and the ribosomes were used immed- 
jately for further study. This method of extraction normally yielded 


and 400 A units of ribosomes from 20 g of normal and 


around 500 Ao6g 260 


mutant embryos, respectively. 


Dissociation of Cytoplasmic Ribosomes 

In order to dissociate the cytoplasmic ribosomes obtained from the 
dry embryos, the ribosomes were suspended in dissociation buffer which 
consisted of buffer II including 400 mM KCl, and 50 As6q units (approx- 
imately 200 u1) of this preparation were layered on a 7-37% (w/v) linear 
sucrose density gradient in dissociation buffer in 38.5 ml nitrocellulose 


tubes (Beckman Instruments #302237, Palo Alto, Calif., USA). The linear 
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sucrose density gradients were prepared by mixing the high and low suc- 
rose solutions using a density gradient mixer (Buchler Instruments, Fort 
Lee, N.J., USA). Centrifugation was done at 22,000 rpm for 16 hr in a 
Beckman SW 27 rotor. After spinning, the tubes were punctured at the 
bottom and the gradient was pumped at a constant rate of 1 ml/min with 
a peristaltic pump (LKB-Produkter AB, Stockholm, Sweden) through a flow 
cell and absorbance at 260 nm was recorded. The linearity of the sucrose 
gradients was confirmed in two separate runs by adding 0.4 mg/ml (w/v) 
ATP to the high sucrose solution used in preparing the gradient in one 
tube. After centrifugation this tube gave a linear scan with OD rang- 
ing from 0.95 to 0.05 at 260 nm. 

The fractions of subunit peaks denoted in Figure 2 were collected, 
pooled and stored frozen at -18°C. After four independent preparations 
the pooled fractions were combined and centrifuged at 55,000 rpm in a 


Ti 60 rotor for 14 hr to collect the subunit pellets. 


Reassociation of Ribosomal Subunits 

The isolated subunit pellets were resuspended in dissociation 
buffer or in reassociation buffer (buffer IV) by gently rubbing with a 
Q-tip from which most of the cotton had been pulled off and the suS- 
pension was clarified by spinning at 17,000 rpm for 15 min in a 970 
rotor. The 60S and 40S subunits suspended in either the dissociation 
or reassociation buffer were combined in the proportion of 1:1 Axe 
units. After incubation for 0.5 hr at room temperature 2 Ang units of 
each mixture was layered on a 5-20% (w/v) sucrose linear gradient in 
either dissociation or reassociation buffer. The tubes were centrifuged 


at 26,000 rpm for 4.25 hr at 20°C in an SW 27 rotor. The gradients were 
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eluted and monitored at 260 nm as already described. 


Isolation of Ribosomes from Seedlings 

Eighty grams of leaves from 6-day-old barley seedlings were cut 
with a scissors into 0.5 to 1 cm pieces and were ground in a Waring 
blender for 1-2 min intermittently using 160 ml of buffer IV containing 
4% Triton X-100. The homogenate was clarified by passing through an 
Acme Superior Juicerator lined with Whatman #1 filter paper. The super- 
natant was centrifuged at 20,000 rpm for 40 min in a 970 rotor to remove 
the debris and cell organelles of the resultant supernatant. 29 ml was 
added to each of the polyallomer tubes and 7 ml of buffer III containing 
1 M sucrose was underlayed before centrifugation at 55,000 rpm for 5 hr 
ina Ti 60 rotor. The ribosome pellets were combined by suspending them 
in 3 ml of gradient buffer (buffer IV) and after clarifying at 17,000 
rpm for 15 min in a 970 rotor, the supernatant was immediately used for 


separation of 70S and 80S ribosomes. 


Separation of Ribosomes into 70S and 80S Monosomes 

From the above ribosome preparation 150 Ao6Q units (approximately 
300 u1) were layered on 38.5 ml of a 7-37% (w/v) linear sucrose gradient 
in gradient buffer. After centrifugation at 22,000 rpm for 16 hr in a 
SW 27 rotor, the gradient was eluted and monitored as already described. 
Absorption was measured at 290 nm rather than 260 nm because of the 
large quantities of ribosomal material. The fractions corresponding to 
70S and 80S ribosome peaks as denoted in Figure 7 were collected, pooled 
and stored frozen at -18°C. 

In order to prevent dissociation of the ribosomes during subse- 
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quent centrifugation the Mg? concentration in the pooled fractions was 
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raised to 25 mM by addition of appropriate amounts of a 1M MgCl, sol- 
ution. After 5 independent preparations, the pooled fractions were 
combined and centrifuged to pellet the ribosomes at 55,000 rpm for 10 hr 


igen ule oUsrOtor. 
Analysis of Purity of Ribosomes and Ribosomal Subunits 


i. Sucrose density gradient centrifugation 

To analyze the purity of the ribosomes and subunits sedimented 
from the pooled fractions, 2 Aneg units (approximately 100 ul) of ribo- 
somal material was layered on top of 17 ml of a 5-20% (w/v) linear 
sucrose gradient prepared in the appropriate buffer and centrifuged at 
26,000 rpm for 4.25 hr at 25°C inanSW 27 rotor. The gradients were 
eluted and scanned at 260 nm as already described. £&. colt ribosomes 
(Miles Laboratories, Inc., Elkhart, Indiana, USA) were used for 


comparison. 


ii. Polyacrylamide gel electrophoresis of ribosomal RNA 

The purity of ribosomes and ribosomal subunit preparations was 
also assessed by analysis of their ribosomal RNA components by poly- 
acrylamide gel electrophoresis (PAGE). The procedure of Mirault and 
Schenear (1971) based on that of Loening (1969) was used. 

Uniform 2.5% (w/v) polyacrylamide gel solution was prepared by 
mixing 2.0 ml of stock buffer (0.4 M triethanolamine, 0.02 M sodium 
acetate, and 0.02 M EDTA, pH 7.4), 2.5 ml of 20% acrylamide stock (20 g 
recrystallized acrylamide, and 1 g bis-acrylamide made to 100 ml with 
water) and 15.3 ml water in a conical flask kept in ice. The solution 


was degassed under vacuum for 10 min and 100 ul of each of 10% (w/v) 
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freshly prepared aqueous ammonium persulphate and TEMED were added in 
sequence. Electrophoresis was carried out in 9.5 x 0.6 cm (i.d.) quartz 
tubes which were cleaned with chromic acid and coated with 1:200 (v/v) 
Kodak Photo-Flo (Eastman Kodak Co., Rochester, N.Y.) aqueous solution. 
The polyacrylamide gel solution was swirled and poured to a depth 


of 8.5 cm in the tubes. The gel solution was overlayed immediately with 
buffer containing TEMED and ammonium persulphate all in the same concen- 


tration used in preparing the gel. To assure good polymerization the 
gels were kept overnight at room temperature. 

} The elctrophoresis buffer consisted of stock buffer diluted 1:10, 
2.5% glycerol, 0.2% SDS and 0.1% sodium deoxycholate. The gels were pre- 
run at 5 mA/tube for 1 hr at 4°C and 25 ul of ribosomal material contain-~ 
ing 0.36 Ao6g units in 1 mM Tris-HCl, (pH 7.4), 1 mM MgCl. 10% glycerol 
and 2% SDS was applied. Prior to electrophoresis 100 ul of 0.1% (w/v) 
bromophenol blue in buffer was added to the upper reservoir and electro- 
phoresis was at 5 mA/tube for 2.5 hr at 4°C. The gels were scanned 
directly in the tubes at 260 nm using a gel scanning assembly attached 


to a Beckman model 25 spectrophotometer. 


iii. Determination of sedimentation coefficents 

Ribosomal samples containing 25 A560 units/ml in the suspension 
medium specified with the figures were centrifuged at 20°C, in a Spinco 
model E ultracentrifuge fitted with Schlieren optics (Spinco Division, 
Beckman Instruments, Inc., Palo Alto, Calif., USA), and pictures were 
taken at 0, 4, 8, 12, 16 and 20 min on Kodak metallographic plates after 
reaching a speed of 39,460 rpm. 


The plates were developed and read with a Gaertner micro- 
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comparator (Gaertner Sc. Co., Chicago, I11., USA) by Mr. Morris R. Aarbo, 
Depariment of Biochemistry, who calculated the sedimentation coefficients 


uSing a computer program. 
Ribosomal Proteins 


i. Extraction of ribosomal proteins 

Proteins were extracted from ribosomes and from ribosomal sub- 
units by acetic acid essentially as described by Jones et al. (1972). 
Pure ribosomal material was resuspended in buffer II or buffer III 
(pH 7.8) containing 100 mM MgCl, and two volumes of glacial acetic acid 
were added. The mixture was stirred for 45 min at 4°C, followed by 
centrifugation at 24.000 g for 15 min to pellet the ribosomal RNA which 
was discarded. The supernatant fraction containing the proteins was 
lyophilized overnight and after lyophilization, the proteins were dis- 
solved in the first-dimensicnai electrophoresis buffer. Protein con- 
centrations were determined by the procedure of Lowry et aZ., (1951) 


using crystalline bovine serum albumin as standard. 


ii. Polyacrylamide gel electrophoresis of ribosomal proteins 

a. First-dimensional polyacrylamide gel electrophoresis: The 
methods used were described by Kaltschmidt and Wittmann (1970a) and 
modified by Jones et al. (1972). First-dimensional electrophoresis was 
carried out in 4% acrylamide gel in 15 x 0.6 cm (i.d.) glass tubes. The 
gel solution contained 4 g recrystallized acrylamide, 0.133 9 bis-~ 
acrylamide, 0.800 g EDTA-Na., 3.200 g boric acid, 4.866 g trizma (pi 
8.6) and 36 g urea made up with water to 99 ml. After degassing the 


gel solution it was made to 0.3% TEMED and to 0.07% with respect to 
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ammonium persulphate. The tubes were filled to 13.5 cm with gel solu- 
tion and then overlayered with water. After the gels were polymerized, 
the water was sucked off with the aid of rolled filter paper. Pre- 
electrophoresis was done at 4 mA/tube for 1 hr using the first-dimension 
electrophoresis buffer containing 6 M urea, 0.15 M borate, 6.5 mM EDTA- 
Na, and 0.12 M trizma (pH 8.6) in both the upper and the lower trough. 
Then 0.5 mg of ribosomal protein sample (approximately 300 u1) in 10% 
sucrose was layered on top of the gels and 10 ul of 0.5% methyl green 
was placed on top of one gel a a marker dye. Electrophoresis was 
carried out at 5 mA/tube towards the cathode till the marker dye band 
had reached the bottom of the gel (15-16 hr). The gels were equilibrated 
in urea-ecetate buffer (6 M urea, 0.012 N KOH, pH 4.6) for 20 min before 
laying them on top of the second-dimensional gel. 

One-dimensional polyacrylamide gel electrophoresis of acidic 
ribosomal proteins differed from the above in that only 150 ug of each 
protein sample and 10 ul of 0.5% bromophenol blue were layered on top 
of the gel and the run was made towards the anode. Electrophoresis was 
stopped when the tracking dye was within 1 cm of the bottom of the gel 
(10 hr). The gels were stained with 0.1% coomassie brilliant blue R-250 
(in 10% methanol and 10% acetic acid) for 3 hr and destained by shaking 
the gels overnight in the destaining solvent (10% acetic acid and 10% 
methanol). After complete destaining, the gels were photographed and 


scanned at 550 nm. 


b. Second-dimensional polyacrylamide gel electrophoresis: The 
apparatus used in the second-dimension was the same as previously des- 


cribed by Jones et aZ. (1972) to accommodate gel slabs of 14 x 14 x 0.6 cm. 
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The following gel solution was used for the second-dimension: 360 g 
urea, 180 g acrylamide, 5.0 g bis-acrylamide, 52.3 ml glacial acetic 
acid, 9.6 ml 5N KOH, 5.8 ml TEMED, and water to make 967.0 ml. The gel 
solution was deaerated in 250 ml batches for 10 min and polymerization 
was initiated by the addition of 8.25 ml of 10% freshly prepared 
ammonium persulphate. The 2-D gel apparatus was placed in a shallow tray 
and 250 ml of gel solution was poured around the apparatus and allowed 
to polymerize. After the chamber was sealed about 125 ml gel solution 
was poured into each chamber. In order to prevent formation of air 
bubbles in the gel slabs the chambers were filled from the bottom using 
fine tubing attached to a column. Immediately an equilibrated 1-D gel 
was laid horizontally on the 2-D gel and additional 2-D gel was poured 
over the 1-D gel. A piece of plastic 3 me was inserted into the second- 
dimension gel before polymerization to mark the end of 1-D gel. The 
gel solution was kept in ice before pouring and the equipment was kept 
du.4 G for | hr prior to pouring to avoid too rapid polymerization of 
the acrylamide. 

After polymerization, the apparatus was lifted from the tray, 
cleaned of superfluous gel and put into the cathode buffer container 
containing 750 ml of 2-D buffer (0.018 M glycine-acetic acid, pH 4.6). 
Also, 750 ml 2-D buffer was poured into the anode buffer container. 
After removing the 3 mm piece of plastic, 10 ul of 0.5% methylene blue 
was applied to the hole as a tracking dye. Electrophoresis towards the 
cathode was carried out at 120 volts with the current limited to 220 mA 


at 4°C. Electrophoresis was stopped when the tracking dye reached 1 cm 


from the bottom of the gel slab (18-20 hr). 
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Staining and Destaining 

After electrophoresis the gel slabs were carefully taken out of 
the chamber and placed in a tray containing 0.1% coomassie brilliant 
blue R-250, for 3 hr with occasional agitation. The slabs were placed in 
a destaining apparatus filled with destaining solvent and were destained 
electrophoretically by applying 220 mA current for 6 hr. 

Finally, the gel slabs were placed in a glass tray and were de- 
stained by slow shaking on a mechanical shaker using several changes 
of destaining solvent over a period of 10-12 hr. After complete de- 
staining the gel slab in the tray containing destaining solvent was 
illuminated from below on a light box and photographed with a Pentax 


Spotmatic Camera fitted with a 50 mm lens. 


40- phenylalanine Incorporation Studies 

For incorporation studies, the ribosomes and ribosomal subunits 
from barley embryos were derived as described earlier. These studies 
were carried out in collaboration with Dr. A.S. Cohen and the results 


are given in the Appendix. 
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RESULTS AND DISCUSSION 
Isolation of Ribosomes and Ribosomal Subunits from Barley Embryos 


i. Characteristics of isolated ribosomes 

Fach ribosomal preparation was examined for homogeneity by 
Sucrose density gradient centrifugation and by analytical untracentri- 
fugation. Ribosomes isolated from barley embryos sedimented as a 
Single homogenous peak which remained symmetrical throughout the run 
( Bice) 

As seen from Figure 1, there was no evidence of subunits or poly- 
somes in the preparation and the calculated sedimentation value of the 
monosome was 81S. This was taken as confirmation that the dry (unimbib- 
ed} embryo ends of barley seeds yielded only cytoplasmic monosomes. 

Other research workers using dry embryos of various seeds have reported 
obtaining only 80S cytoplasmic monosomes (Wolfe and Kay, 1967; App e¢ al., 
1971; Gumilevskaya et aZ., 1975). Ribosomal preparations from the mutant 
barley embryos gave the same patterns as the normal Gateway both in 
sucrose density gradient and analytical centrifugation. Thus these pre- 
parations were aiso composed of only 80S monomeric ribosomes, but the 


yield of ribosomes appeared to be less than that of normal embryos. 


ii. Dissociation of ribosomes and isolation of ribosomal subunits 
The purity of the ribosomal preparations that were to be used in 
dissociation studies was assessed by absorbance readings at 235, 260 and 


280 nm (Petermann, 1964). Only those preparations having absorption 
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Analytical ultracentrifuge pattern and sucrose gradient 


analysis of ribcsomes isolated from embryos of Gateway barley. 


[kes 


the ribosomal pellet in resuspension buffer was centrifuged 
in the analytical ultracentrifuge and the picture was taken 
12 min after reaching a speed of 29,460 rpm at 20°C. 
Direction of the run from left to right. 

Sucrose gradient analysis of ribosomal pellet. Two A560 
units of ribosomal preparation were applied to a 5-20% 
(w/v) sucrose density gradient in resuspension buffer and 
centrifuged at 26,000 rpm for 4.25 hr at 25°C in a Beckman 
SW 27 rotor (small buckets). After centrifugation the 


eluant was monitored at 260 nm. 


ratios 260:235 and 260:280 greater than 1.40 and 1.80 respectively were 
used. Using such preparations the optimum conditions in terms of KCI 
concentration, Sucrose gradient and quantity of material to obtain com- 
plete dissociation of the ribosomes and isolation of their subunits were 
determined. From these preliminary studies it was found that complete 
dissociation and separation of ribosomal subunits in high yield could 

be obtained consistently by using the procedure given in the methods 
section. After dissociation of the ribosomes and separation of the 
Subunits on sucrose gradients the separate portions of the 40S and 60S 
subunits indicated in Figure 2 were collected and pooled for the 6 

tubes. As seen from the figure there was complete dissociation of the 
monosomes and the subunits were well separated. The dissociation pattern 
of the mutant embryo ribosomes was the same as that of the normal. These 
methods made it possible to isolate both subunits from the normal and 
mutant lines of barley in sufficient quantities to carry out further 


studies. 


Analysis of Purity of Ribosomal Subunit Preparations 

The insert in Figure 2 shows that purified 40S subunits (A) were 
almost free of contamination with 60S subunits and purified 60S subunits 
(B) were free of contamination with 40S subunits. The extent to which 
the small subunits were contaminated by large subunits was markedly 
dependent on the ribosomal concentration in the high salt sucrose grad- 
jents and could be reduced to almost nil when the amount of ribosomes 
loaded on the 7-37% (w/v) sucrose gradients did not exceed 50 Ao69 


units. 
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FIG. 2. Sucrose gradient separation of 40S and 60S ribosomal 


subunits of Gateway bariey embryos 


Fifty Aneg units (200 ul) of ribosomes suspended in dissocia- 
tion buffer were lavered on a 7-37% (w/v) linear sucrose gradient in 
dissociation buffer. After centrifugation at 22,000 rpm for 16 hr 
at 4°C in SW 27 rotor the eluant was monitored at 260 nm. The portions 
of the 40S and 60S subunits indicated by the arrows were co! tected and 
pooled. The subunits in each fraction were pelleted by centrifugation 
1m ati 60eretorsat 55.000; rpm forel4 hr av 4°Cz [wo A569 Unvtsso. 
each subunit were applied to a 5-20% (w/v) linear sucrose gradient in 
buffer including 40 mM KCl, and centrifuged at 26,000 rpm for 4.25 hr 
at 25°C in an SW 27 rotor. The contents were monitored at 260 nm. 


Insert A- 40S; B- 60S. 
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1” Polyacrylamide gel electrophoresis of ribosomal RNA isolated from 
individual subunits 

To confirm the purity of each subunit preparation, ribosomal RNA 
from individual subunits was extracted and electrophoresed. Using 2.5% | 
polyacrylamide gels. As indicated in Figures 3A and B each yielded only 
one RNA component assumed to be 25S and 18S RNA for the large and small 
subunits respectively. From the electrophoretic patterns it is apparent 
that these RNA's were still intact after dissociation of the monosomes. 
Earlier Glitz and Dekker (1963) working with wheat germ reported values 


of 24S and 18S for the high molecular RNA. 


ii. Sedimentation coefficients of ribosomal subunits 

The purity and sedimentation coefficients of the ribosomal sub- 
units was determined by analytical ultracentrifuation as described in 
the Materials and Methods and are given in Figure 4. As seen from 
Figure 4A the large ribosomal subunit was free from 40S contamination 
and gave an S value of 59. The small subunit (Fig. 4B) gave a major 
peak with a sedimentation coefficient of 37S and a minor peak with a 
sedimentation coefficient of about 60S. This heavier peak was assumed 
to be a dimer of enemerall| subunit rather than contamination by the 
large subunit. There are two reasons for this assumption; firstly the 
purity of the subunits assessed by the sucrose gradients and secondly 
the absence of any RNA in the small subunit fraction heavier than 18S 
upon SDS polyacrylamide electrophoresis (Fig. 3B). Gumilevskaya e¢ at. 
(1975) and Faber and Tamakoi (1976) reported the capacity of small 
subunits from dry pea seeds and rat liver ribosomes respectively to 


form aggregates. 
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FIG. 3. Polyacrylamide gel electrophoresis of RNA extracted from 


ribosomes and ribosomal subunits of Gateway barley. 


Fifty ug ribosomes in 1 mM tris-HC] (pH 7.5), 1 mM MgCl,, 
10% glycerol and 2% SDS were applied to a uniform 2.5% gel. Electro- 
phoresis was for 2.5 hr at 5 mA per gel. The gels were scanned directly 
in the quartz tubes at 260 nm. 
RNA of Ribosomal subunits from barley embryos: 
A- 60S; B- 40S. 
RNA of cytoplasmic and chloroplast ribosomes from leaves of 
barley seedlings: 
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FIG. 4. Analytical ultracentrifuge pattern of ribosomal subunits 


isolated from embryos of Gateway barley. 


The ribosomal subunit pellets in resuspension puffer were 
centrifuged in the analytical ultracentrifuge and the cures were 
taken 12 min after reaching a speed of: 39,460 ypm at 20°C. Direction 
of the run was from left to right. 


A- large subunit; B- smal] subunit. 
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Jones et al. (1972) carried out dissociation studies on cyto- 
plasmic (80S) ribosomes from wheat seedlings using high KC] to MgCl, 
buffer. They concluded that the 805 monomer could dissociate into a 
large (61S) subunit and a small subunit which might have an S value 
of either 42S or 49S depending upon the level of Mg? The sedimenta- 
tion coefficients of high salt derived cytoplasmic subunits in the 
presence of Mge* reported in this study were higher than those found by 
Hoober and Blobel (1969) for Chlamydomonas reinhardi ribosomes but they 
were Similar to those obtained by Jones et al. (1972) for wheat and 
Chua et az. (1973) for Chlamydomonas reinhardii. The lower sedimentation 
coefficients (30S and 43S) obtained by Hoober and Blobel (1969) may have 
been due to their obtaining the ribosomal subunits at 50 mM KCl and 0.1 


o+ = o+ . co RA ag 
m4 Mg” or 50 mM KCl without Mg” . It is now known that absence of Mg? 
in the dissociation buffer results in lower sedimentation values for the 


ribosomal subunits (Cammarano et al., 1972a; Chua et aZ., 1973). 


Reassociation of Ribosomal Subunits 

For reassociation studies the ribosomal subunits collected as 
shown in Figure 2 were used. In addition to the purity tests already 
referred to, the 40S and 60S ribosomal subunits were mixed in a ratio of 


ReteA units in dissociation buffer and centrifuged in sucrose grad- 


260 
jent in dissociation buffer. As seen in Figure 5 the subunits of both 
the normal and mutant remained intact and there was no reassociation. 
On the other hand when purified large and small ribosomal subunits 
isolated from norma} and mutant barley embryos were mixed in a ratio 


Ona leA units in reassociation buffer they reassociated readily to 


260 
form stable 80S monosomes. Figure 6A shows the reassociation of the 
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FIG. 5. Sucrose gradient centrifugation of 40S and 60S subunits of 


ribosomes from normal and mutant Gateway barley embryos. 


Five A560 units of each of the subunits collected as shown in 
Figure 2 were mixed (1:1) in dissociation buffer and incubated for 20 
min at room temperature. Two A560 units were analysed on a 5-20% 
(w/v) linear sucrose gradient in dissociation buffer by centrifugation 
at .2o,000urpn tor 4. 2oenyeal cosG sina spinco.sW 2/7 sroLon. 


A- Normal; B- Mutant. 
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ribosomal subunits of normal embryos and Figure 6B indicates the re- 
association of the ribosomal subunits of the mutant. It can be seen 
as well that ribosomal subunits of normal and mutant barley were able 
to recombine to form hybrid 80S monecones (Figs 66 and D). Both the 
homologous and heterologous combination formed monosomes having a sed- 
imentation value of 80S as judged by sucrose density gradient (Fig. 6). 
Since almost all the material of the gradients was in the 80S component 
it seems that the ribosomal subunits were almost completely used in 
formation of the monosomes. 

The phenylalanine incorporation ability of the reconstituted 
ribosomes will be presented in the Appendix. 

The present results are in agreement with the previous findings 
by App et az. (1971) who found that ribosomal subunits from rice embryos 
could be separated and reassociated to reform active ribosomes in a 


Vida 2 


medium containing 10 mM Mg- and 60 mM KCl. The inability to reassociate 


the wheat embryo ribosomal subunits by Wolfe and Kay (1967) could be 
explained on the basis that they dissociated the ribosomes without Mg?* 
or very low Mge* concentrations whereas it has been found that reasonable 


, + : Ue ae : ; 
concentrations of Mg? are necessary in the dissociation media to obtain 


active subunits (Cammarano et aZ., 1972). 


Separation of Total Ribosomes into 70S and 80S Monosomes 

To compare the chloroplast and cytoplasmic ribosomal proteins of 
normal and mutant barley seedlings it was important to obtain pure pre- 
parations of chloroplast and cytoplasmic ribosomes. Chloroplast ribo- 
somes have been obtained from several plant sources by isolating purified 


chloroplasts and subsequently extracting the ribosomes from them 
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FIG. 6. Reassociation of cytoplasmic ribosomal subunits from embryos 


of Gateway barley and its mutant. 


Five A units of each of the subunits collected as shown in 


260 
Figure 2 were mixed (1:1) in reassociation buffer and incubated for 20 
min at room temperature. Two Ao69 units were analysed on a 5-20% 
(w/v) linear sucrose gradient in reassociation buffer by centrifuging 
at. 26.000 ;vone foe 4.25 Nyredtecs GeinpdespinCOLoN, 27 enocom 

A- Normal 60S + Normal 408. 

B- Mutant 60S + Mutant 40S. 

C- Normal 60S + Mutant 40S. 


D- Normal 40S + Mutant 60S. 
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(Hadziyev and Zalik, 1969; Odintsove and Yurina, 1969; Vasconcelos and 
Bogorad, 1971; Schwartzbach et al., 1974). In preliminary studies a 

few attempts were made to isolate pure chloroplast ribosomes by isola- 
ting chloroplasts from barley seedlings but the procedure did not give 
satisfactory results. The yield of chloroplast ribosomes from barley 


seedlings was very low and the preparation contained more 80S than 70S 


ribosomes. Rawson and Stutz (1969) and Jones et aZ. (1972) also encoun- 


tered difficulty in obtaining good yields of chloroplast monosomes free 
of cytoplasmic ribosomes from Euglena gracilis and wheat seedlings 
respectively. Ultimately it was decided to separate chloroplast (70S) 
ribosomes from total leaf ribosome preparations. The barley leaves 
were ground in buffer containing 4% Triton X-100 as described in the 
methods. The detergents, sodium deoxycholate and Triton X-100, have 
been used to release ribosomes from membranes. Since it has been re- 
ported that sodium deoxycholate induces dissociation of chloroplast 
ribosomes (Scott et aZ., 1970; Munns, 1972), Triton X-100 was used in 
this study. Total ribosome yield was about 1400 and 1000 A569 units 
per 80 g of normal and mutant barley seedlings, respectively. Thus 
normal seedlings gave approximately 40% higher yield of total ribosomes 
than the mutant. 

Figure 7 illustrates the separation of the total leaf ribosomes. 
Only two peaks which were not especially well separated were obtained. 
However, by collecting these as indicated in the figure clean fractions 
of chloroplast and cytoplasmic ribosomes were recovered (Fig. 7A and 
B). Using these methods with a maximum loading of 150 An60 units per 
tube the results were reproducible but 5 independent preparations were 


required to provide enough chloroplast ribosomes for further studies. 
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FIG. 7. Sucrose gradient separation of chloroplast (70S) and cyto- 
plasmic (80S) ribosomes from leaves of 6-day old Gateway 


barley seedlings. 


Ribosomal material resuspended in buffer IV containing 150 


A units (300 u1) were layered on a 7-37% (w/v) linear sucrose 


260 
gradient in the same buffer. After centrifugation at 22,000 rpm for 16 
hr at 4°C the portions of 70S and 80S ribosomes indicated by arrows 

were collected and pooled. The ribosomes in each fraction were pelleted 
by centrifugation in a Spinco Ti 60 rotor at 55,000 rpm for 10 hr at 
4°C. Two A560 units of each ribosomal fraction and 2 Ad 60 units of 

E. coli ribosomes were applied to 5-20% (w/v) linear sucrose gradients 
in buffer III and centrifuged at 26,000 rpm for 4.25 hr at 4°C. The 
eluants were monitored at 260 nm. 

A- Cytoplasmic ribosomal fraction. 

B- Chloroplast ribosomal fraction. 


C- F.- colt. 
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When more than 150 A560 units were loaded the separation was poor. 

The total ribosomal preparation yielded approximately 20% 70S 
ribosomes and 80% 80S ribosomes. Similar yields of 70S and 80S ribo- 
somes were reported by Jones et al. (1973), from wheat leaves using 
zonal centrifugation. Chua et az. (1973) also separated the total 
ribosomes from Chlamydomonas retnhardi into 70S and 80S monosomes by 
zonal centrifugation. They (Chua et aZ., 1973) obtained good separa- 
tion at 22500 rpm for 14 hr, but at a speed of 48000 rpm for 5 hr under 
the same ionic conditions ene 70S but not the 80S ribosomes dissociated 
almost completely. From their results they suggested that chloroplast 
ribosomes are more pressure sensitive than the cytoplasmic ribosomes. 
In this study it is evident that 70S chloroplast ribosomes and the 70S 
ribosomes of £. colt were not as stable as the cytoplasmic ribosomes. 
Upon recentrifugation, 70S ribosomes showed considerable dissociation 


(Fig. 7B and C). 
Purity Analysis of the Separated Monosomes 


ij. Sucrose gradient analysis 

When the cytoplasmic and chloroplast ribosoiial fractions indicated 
in Figure 7 were analysed on sucrose density gradients a single peak was 
obtained for the cytoplasmic (80S) ribosomes without any contamination 
by 70S ribosomes (Fig. 7A). The chloroplast 70S ribosomes were free of 
80S contamination but the chloroplast ribosomes partially dissociated 
into 50S and 30S subunits during centrifugation (Fig. 7B). To further 


assess the purity of these ribosomal fractions their RNA's were extracted 


and electrophoresed. 
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As indicated by Figure 3C and D the cytoplasmic and chloroplast 
ribosomal fractions each yielded two distinct RNA components in PAGE. 
Those of the 80S ribosomes were heavier than the corresponding RNA 
fractions from the 70S ribosomes and their respective S values were 
taken as 25S and 18S and 23S and 16S. From the electrophoretic pattern, 
it is apparent that the RNA's were intact and there was no cross con- 


tamination of either fractions. 


ii. Sedimentation coefficients 

The sedimentation coefficients of the two ribosomal fractions 
were determined by analytical ultracentrifugation. As shown in Figure 8A 
the cytoplasmic ribosomal fraction gave a sedimentation coefficient of 
82S and was almost devoid of 70S contamination. The chloroplast fraction 
gave a sedimentation coefficient of 66S (Fig. 8B) and was almost devoid 
of 80S contamination. The sedimentation coefficients here are in agree- 
ment with those obtained for chloroplast and cytoplasmic ribosomes of 
various plants (Clark et aZ., 1964; Boardman et aZ,, 1965, 1966; Sager 
and Hamilton, 1967; Stutz and Noll, 1967; Hoober and Blobel, 1969; 


Hadziyev et al., 1969; Gualerzi and Cammerano, 1969). 


Ribosomal Proteins 


Two-Dimensional Polyacrylamide Gel Electrophoresis of Ribosomal Proteins 
from Barley Embryos 

At least three separate ribosomal preparations were made for each 
of the normal and mutant barley embryos. Separate electrophoretic runs 
were carried out for each preparation by two-dimensional PAGE. The pro- 


tein patterns of the individual runs were similar and were therefore 
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FIG. 8. Analytical ultracentrifugation pattern of chloroplast and 
cytoplasmic ribosomes from leaves of 6-day old Gateway barley 


seedlings. 


The ribosomal fractions collected as indicated in Figure 7 
were pelleted, resuspended in buffer III and centrifuged. Pictures 
were taken 12 min after reaching a speed of 39,460 rpm at 20°C. The 
direction of the run was from left to right. 

A- Cytoplasmic ribosomes. 


B- Chloroplast ribosomes. 
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used to compare the ribosomal proteins of the normal and mutant 

on the basis of their mobilities. To help in making the comparisons the 
gels were photographed and a grid BG placed over the photographs to 
count the spots (Nagabhushan et al., 1974). Each of the stained spots 
was assigned a number depending upon the mobility of the individual pro- 
tein in the second-dimension (Kaltschmidt and Wittmann, 1970b). Although 
a number of protein spots which stained on the gels were faint or barely 
detectable in the photographs they were clearly visible when the gels 
were placed on a light box. Moreover, when twice the usual amount of 
ribosomal protein was electrophoresed these spots were distinct. 

There have been a number of reports (Jones et al., 19723; Sherton 
and Wool, 1972; Gualerzi et aZ., 1974; Hanna and Godin, 1975) which 
pointed out that different ribosomal proteins may show different inten- 
sities upon staining. Thus even the faint spots were regarded as indi- 
cating the presence of a ribosomal protein. However, these spots might 
represent ribosomal proteins which are present in only part of the total 
population of ribosomes. 

As seen fron Figure 9 the 80S protein pattern of normal (A) and 
mutant (B) were similar. Both resolved into 60 basic ribosomal proteins. 
The majority of the ribosomal proteins of the normal and mutant were 
strongly stained with no apparent differences between the two lines. 
However, for the less strongly stained proteins the mutant had sharper 
bands for numbers 1, 7, 25, 50, and 58 than did the normal. Because of 
the large numbers of proteins in the monosomes and inadequate separation 
of them even by two-dimensional PAGE a more detailed comparison was made 


by electrophoresing the proteins of their respective subunits. 
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FIG. 9. Two-dimensional gel electrophoretograms of proteins from 
the cytoplasmic ribosomes from embryos of Gateway barley (A) 


and its mutant (B). 


Samples of 50 ug of ribosomal proteins were applied to 4% 
disc gels and electrophoresed with buffer containing 6 M urea, 0.15 
M boric acid, 6.5 mM Na, EDTA and Osi M Trizma, pH S-0,8f0n 1 5enieat 
5 mA per gei at 4°C. After the first-dimensional run the gel was 
equilibrated in 6 M urea in acetate buffer pH 4.6 and placed on the 
18% gel Slab. Electrophoresis in the second-dimension using 0.018 M 
glycine-acetate buffer pH 4.6 was for 18 hr at 120 V with current 
limited to 220 mA at 4°C. Electrophoresis in both dimensions was from 
anode to cathode. Details of the procedure and for staining with 


coomassie are given in the Materials and Methods. 
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Two-Dimensional PAGE of Proteins from Ribosomal Subunits of Barley 


Embryos 


i. Proteins of small subunits 

The protein patterns of the 40S subunit of the normal and mutant 
are shown in Figure 10. Although the conditions of electrophoresis were 
standardized as much as possible in terms of gel concentration, amount of 
protein applied, electrophoresis buffer, the distance the marker dyes 
moved, the duration of the run in each dimension, the current applied 
and the temperature, it can be seen that the patterns of the proteins of 
the 40S ribosomal subunits of the normal and mutant were different. For 
example proteins number 7 and 27 which are likely the same proteins in 
both lines migrated differently especially in the second-dimension. 
There is no obvious explanation for this observation, but it was con- 
sistent for the three independent runs. 

Both the normal and mutant contained 34 basic proteins but even 
allowing for the difference in patterns some of the proteins of the 
normal subunit are absent from the mutant, i.e., 26, 29, 30. Another 
difference between the two is the appearance of bands a, b and c only 
in the mutant. In addition band 31 which is faint in the normal is 
distinct in the mutant. 

Proteins of the small subunits of both the normal and mutant 
appeared as bands upon electrophoresis. Since very few bands were ob- 
served when the proteins of the monosomes, which should have contained 
all of the proteins of the subunit, were electrophoresed it is probable 
that formation of bands may have been due to overloading. Sherton and 


Wool (1972) reported band formation upon electrophoresing ribosomal 
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FIG. 10. Two-dimensional gel electrophoretograms of the proteins of 
the 40S subunit of cytoplasmic ribosomes from embryos of 


Gateway bariey (A) and its mutant (B). 


Samples of 500 ug of protein of the ribosomal subunits were 
applied to the 4% disc gels and electrophoresis jin the Ist and 2nd 


dimension was performed as described ins Pigure 2; 
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subunit proteins of rat liver. 


ii. Proteins of the large subunits 

The two-dimensional polyacrylamide gel electrophoretic patterns 
of the 60S subunits of normal and mutant barley are shown in Figure 11. 
As seen from Figure 11 the protein patternsof the two lines differed. 
As with the smaller subunit the proteins of the mutant 60S migrated 
less than those of the normal subunit in the second-dimension. Both 
the normal and mutant contained 41 basic proteins of which a few were 
lightly stained. In the case of the proteins designated as 39 and 41 
the spots were intense in the normal but were faint in the mutant. The 
three proteins 4, 5 and 13 which were present in the normal 60S subunit 
were apsent from the mutant while the mutant 60S subunit showed three 
additional protein spots a, b and c which were absent from the normal. 
All of these differences in the protein patterns of the two lines were 
reproducible. | 

Regarding the additional protein spots obtained for both the 
smal] and Jarge subunits of the mutant it should be noted that even if 
bands b and c had been present in the subunits of the normal they might 
have run off the gels because of the higher mobility of the proteins 
of the normal in the second-dimension. 

In comparing the protein patterns of the small and large subunits 
(Fig. 10 and 11), it can be seen that the proteins of the 40S differ 
considerably from proteins of their respective 60S subunit in number, 
mobility and band formation. These differences were observed for the 
subunits of both the normal and Preerttcont. 


There were several spots with identical electrophoretic mobilities 
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FIG. 11. Two-dimensional gel electrophoretograms of the proteins of 
the 60S cytoplesmic ribosomal subunit from embryos of Gateway 


barley (A) and its mutant (Bye 


Samples of 500 ug of protein of the ribosomal subunits were 
applied to the 4% disc gels and electrophoresis in the 1st and end 


dimension was performed as described in Figure 9. 
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in the small and large subunits but it is difficult to decide whether 
these represent identical proteins occurring in both the subunits or 
whether they represent protein with identical migration. The summation 
of the basic ribosomal proteins of both small and large subunits gave 
75 proteins while the monosomes had only 60 protein spots for both the 
normal and the mutant. This may have been due to poor resolution of 
the high number of proteins present in the monomeric ribosomes or to 
identical mobilities of proteins from the two subunits. 

The ribosomal subunits were also analyzed for their acidic 
proteins. The proteins of each of the ribosomal subunits were electro- 
phoresed by one-dimensional PAGE at pH 8.6 and run from the cathode to 
the anode. The results are shown in Figures 12A and 13. As seen from 
these figures 4 acidic proteins were present in each of the ribosomal 
subunits of the enbryos from both the normal and mutant. Thus the 
isoelectric points cof these proteins were lower than pH 8.6. In add- 
jtion to these bands there was protein staining material at the top of 
the gels. The mobility of the proteins in replicate runs was 
reproducible. 

Considering the acidic and basic cytoplasmic ribosomal subunit 
proteins of the embryos of beth lines there were altogether 38 proteins 
present in the small subunit, 34 of which migrated cationically (rigs 
10) and four anionically (Fig. 12A). There were 45 proteins in the 
large subunit, 41 of which migrated cationically (Fig. 11) and 4 anion- 
ically (Fig. 12A). 

There is no reported two-dimensional PAGE study of the ribosomal 
proteins isolated from the ribosomes of dry embryos. The only studies 


of this kind for higher plants have involved ribosomes isolated from 
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Fig. 12. One-dimensional polyacrylamide gel electrophoresis of acidic 
proteins of ribosomes and ribosomal subunits of Gateway 


barley. 


Samples of 150 ug of ribosomal proteins were applied to 4% 
disc gels and electrophoresed with buffer containing 6 M urea, 0.15 M 
boric acid, 6.5 mM Na,EDTA and O.12eM eirizmas pu d-05) fOY0enireateonnn 
per gel at 4°C. The procedure for electrophoresis and staining with 
coomassie are given in Materials and Methods. 

A- Acidic proteins of ribosomal subunits from barley embryos. 

Normal- N:60S, 40S; Mutant- M:60S, 40S. 

B- Acidic ribosomal proteins of chlorgplast and cytoplasmic 

ribosomes from leaves of barley seedlings. 


Normal- N:80S, 70S; Mutant- M:80S, 70S. 
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Densitometric tracings of gels of acidic proteins of ribo- 


somal subunits of barley embryos. 


The stained gels shown in Figure 12A were scanned at 550 nm. 
A- Normal 60S; B- Mutant 60S. 


C- Normal 40S; D- Mutant 40S. 
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imbibed seeds or from leaves. Since different isolates and slight dif- 
ferences in the electrophoresis procedure may result in large differences 
in the pattern of ribosomal proteins by fioetinenstonai PAGE, there is 

no basis for making direct comparisons of my results with previous 
Studies. For example Nagabhushan et aZ. (1974) reported 44 cytoplasmic 
ribosomal proteins from 4.5-day old leaves of Gateway barley, 31 of which 
were basic and 13 were acidic. The lower number of ribosomal proteins 
obtained by them might have been due to the lower Mg?* concentration in 
the acetate used for the extraction of ribosomal proteins since a high 
level of magnesium ions (100 mM) has been found to increase the yield of 


ribosomal proteins (Hardy et al., 1969). 


Two-Dimensional PAGE of Chloroplast and Cytoplasmic Ribosomal Proteins 
Isolated from Leaves of 6-Day Old Barley Seedlings 

To study the chloroplast and cytoplasmic ribosomal proteins at 
least three separate chloroplast and cytoplasmic ribosomal preparations 
were made for each of the normal and the mutant seedlings as mentioned 
earlier. Separate electrophoretic runs were carried out for each prepar- 
ation by two-dimensional PAGE. 

Tne two-dimensional electrophoretic protein patterns of 80S normal 
and mutant seedlings are shown in Figure 14. Both the normal and the 
mutant had 60 basic proteins. Except for some minor differences in 
mobility and intensity of spots these protein patterns were remarkably 
similar and reproducible. 

A comparison of the patterns of the basic proteins of cytoplasmic 
ribosomes from barley seedlings (Fig. 14) and barley embryos (Fig. 9) 


shows that there is a similarity in their protein patterns and they 
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FIG. 14. Two-dimensional gel electrophoretograms of the proteins from 


cytoplasmic ribosomes from the leaves of Gateway barley 


(A) and its mutant (Be 


Samples of 500 ug of protein of the cytoplasmic ribosomes 


were applied to the 4% disc gels and electrophoresis in the Ist and 


®nd dimension was performed as described in Figure Gg: 
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contain the same number of proteins. On the basis of the shape of the 

Spots, the intensity and their position on the slab many of the proteins 
are probably the same in both the embryo and seedling material as well 

as both lines. For example spots 48 and 51 of the embryo (Fig. 9) are 

probably the same as spots 43 and 47 of the seedlings (Fig. 14). 

As seen from Figure 15 the protein pattern and number of proteins 
in the 70S ribosomes of both lines were similar. There were minor dif- 
ferences in the mobility and intensity of some proteins. Both lines had 
53 basic proteins. 

To analyze the acidic proteins of the 70S and 80S leaf ribosomes 
the proteins were electrophoresed by one-dimensional PAGE and run from 
the cathode to the anode. The cytoplasmic ribosomes of the normal had 
9 acidic proteins while the mutant had 8 (Figures 12B and 16A and B). 
Four of the proteins of the mutant migrated differently than those of 
the normal. The chloroplast ribosomes of the normal and mutant Seed- 
lings had 10 and 9 acidic proteins, respectively. Again some of the 
acidic proteins of the mutant migrated differently than those of the 
normal. In all of these one-dimensional runs a considerable amount of 
protein staining material remained at the top of the gel. 

Considering the cytoplasmic ribosomal proteins of the seed- 
lings there were altogether 69 proteins present in the normal 80S ribo- 
somes of which 60 were basic proteins (Fig. 14A) and 9 were acidic 
proteins (Fig. 16A). The mutant 80S contained a total of 68 proteins, 
60 of which were basic (Fig. 14B) and 8 were acidic (Fig. 16B). A 
total of 63 proteins were present in the chloroplast ribosomes of normal 
barley seedlings, 53 of which were basic (Fig. 15A) and 10 were acidic 


(Fig. 16B). The proteins of the chloroplast ribosomes of the mutant 
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contained a total of 62 proteins, 53 of which were basic (Fig. 158) and 
9 were acidic (Fig. 16B) 

As already mentioned, the patterns of the basic proteins of the 
cytoplasmic ribosomes isolated from the embryos or the leaves were 
essentially the same and were similar for both lines. Likewise the 
electrophoretic patterns of the basic proteins from chloroplast ribo- 
somes Of both lines were alike. On the other hand,the pattern and 
number of basic proteins in the chloroplast ribosomes was quite dif- 
ferent from those of the cytoplasmic ribosomes and was consistent for 


inter- as well as intra-line comparison. 
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FIG. 15. Two-dimensional gel electrophoretograms of the protein from 


chloroplast ribosomes of the Gateway barley (A) and its 
mutant (B). 


Samples of 500 wg of proteins of the chloroplast ribosomes 


to the 4% disc gells and electrophoresis in the Ist and 


4 
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were applied 


2nd dimension was performed as described in Figure 9. 
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FIG. 16. Densitometric tracings of gels of acidic proteins of 
chloroplast (70S) and cytoplasmic (80S) ribosomes from 


barley seedlings. 


The stained gels shown in Figure 12B were scanned at 550 nm. 
A- Normal; B- Mutant. 


C- Normal; D- Mutant. 
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GENERAL DISCUSSION AND CONCLUSIONS 


As mentioned previously, on a quantitative basis dry embryos 
of Gateway barley gave a slightly higher yield of ribosomes than the 
embryos of the virescens mutant and also the fresh leaves of 6-day 
old seedlings of the normal yielded about 40% more total ribosomes 
(70S and 80S) than the mutant. While this is in accord with the pre- 
vious unpublished results from this laboratory on the yield of ribo- 
somes from the two lines, it cannot be presumed to be the cause nor 
central to the symptoms manifested by the mutant. Rather, at early 
stages in development the mutant has fewer ribosomes along with its 
other deficiencies like a low level of pigments, poorly developed 
plastids and lack of some of the soluble and lamellar proteins 
(Jhamb and Zalik, 1973, 1975). On the other hand since this mutant 
is the result of a single gene nuclear mutation (Stephansen and 
Zalik, 1971) a quantitative difference between the ribosomes of the 
normal and mutant, especially between their cytoplasmic ribosomes 
might indicate a close link with the mutation. There is a number 
of documented cases of gene mutations being related to the aitera- 
tion or absence of specific ribosomal proteins (Funatsu and Wittmann, 
1972; Davidson et al., 1974; Briigger and Boschetti, 1975). Con- 
sequently, this study was devoted primarily to a comparison of 
ribosomal proteins of the two lines by PAGE. Ribosomes were isolated 
from dry embryos and leaves of 6-day old seed] ings as at this stage 


it was possible to get sufficient ribosomal yield for the studies of 
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ribosomal proteins of both the lines. 

The ribosomal structural proteins of #. colt have been identified 
on the basis of two-dimensional PAGE and their designation has been 
verified by other criteria including the reconstitution of active ribo- 
somal subunits from individual protein and RNA components. The ribo- 
somes of higher organisms have thus far not been characterized to this 
level. Therefore, in this study it was necessary to assume that by 
employing a consistent parallel procedure, only ribosomal structural 
proteins were being compared. Furthermore, since many ribosomal 
proteins of #. colt have been found in less than one copy per 
particle (Kurland et al., 1969; Weber, 1972, Kjeldgaard and Gausing, 
1974); the mere occurrence of a spot at similar mobilities in both 
lines, regardless of intensity, was interpreted as presence of that 
polypeptide. 

Making these major assumptions, the major findings of the study 
can be summarized as follows. By two-dimensional PAGE the proteins of 
80S monosomes isolated from either dry embryos or seedling leaves of 
both lines gave similar patterns and all showed 60 basic proteins. Thus 
these rather complicated protein patterns for the monosomes showed no 
difference between the normal and the mutant. , However, when the 
cytoplasmic ribosomes isolated from the dry embryos were dissociated 
and the proteins of the subunits compared, differences between the 
normal and mutant were detected. For the large (60S) subunits of the 
mutant, the basic proteins migrated less than those of the normal and 
the mutant lacked proteins 4, 5, and 13 but had three additional spots 
a, b and c (Fig. 11). The protein patterns for the smal] (40S) sub- 


units also differed. The mutant lacked proteins 26, 29 and 30 and had 
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three additional spots a, b and c (Fig. 10). 

It is difficult to explain the loss of three proteins in each 
of the ribosomal subunits of the mutant. As this mutant is a result 
of a single gene nuclear mutation, only one protein would be expected 
to show alteration. However, the organization of different proteins 
in the ribosomes is very complicated and it has been shown that both 
the assembly process and the functional structure of the ribosomes are 
controlled by precise interactions between ribosomal proteins and their 
binding sites on the ribosomal RNA (Nomura et aZ., 1969). Therefore, 
it may be possible that alteration in one protein due to change in amino 
acid sequence or a secondary modification of the polypeptide structure 
might result in the alteration or absence of the other proteins. Re- 
garding the additional proteins found in the mutant these may be 
weakly bound to the normal ribosomal subunits and thus washed off 
during the preparation procedure, but in the mutant where a structural 
change has possibly occurred elsewhere in the subunit, the affinity of 
these proteins might be enhanced and thus could remain attached to the 
particles. It is difficult to say whether they are true ribosomal 
proteins or not. Another possibility is that these additional proteins 
might be the same proteins which were found missing but due to altera- 
tion they migrated differently. 

Since these differences were not evident from the protein pat- 
terns of the monosomes, the possibility cannot be ruled out that during 
the dissociation procedure, alterations occurred in a few related pro- 
teins of the two subunits and accounted for the differences in mobility. 
Despite these differences between the respective subunits, both homologous 


and heterologous subunits of two lines were able to reassociate when 
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mixed in’a ratio of 131 Ase units (Fig. 6) to form monosomes. As could 
be seen from Table II poly (U)-directed polyphenylalanine synthesis was 
equivalent for all the reassociated monosomes. On the basis of these 
results it can be concluded that the ribosomal subunits that were 
analysed contained a complement of proteins sufficient to support in~ 
corporation activity and the loss of several proteins in the mutant sub- 
units did not affect this activity adversely. However, since tn vitro 
polyphenylalanine synthesis is not the same as protein synthesis in vivo, 
there is still the possibility that ribosomes of the mutant or a portion 
of its ribosomal population may be defective in the synthesis of a 
particular protein. 

The other major differences between the normal and mutant were 
the differences in number of bands and mobility of acidic proteins 
derived from leaf cytoplasmic (80S) and chloroplast (70S) ribosomes 
(Fig. 12B and 16). It is probable that among the ribosomal proteins, 
the acidic proteins are primarily affected by the nuclear mutation. 
Since this part of the study was done at the end of the investigation 
period the observed differences in the acidic proteins indicated the 
need for further research. It is suggested that additional studies 
with the acidic proteins using two-dimensional PAGE would be useful in 
obtaining further information. 

In addition, while the gel electrophoresis technique can identify 
differences between proteins, it cannot distinguish differences in pri- 
mary amino acid sequence from differences due to secondary modification 
of identical sequence. The utilization of immunological methods could 
help in making this distinction and thus would be valuable in estimating 
the structural homologies between the ribosomal proteins of Gateway 


barley and its virescens mutant. 
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APPENDIX 


Phenylalanine Incorporation by Cytoplasmic Ribosomal Subunits 

As shown in Table II, in the present study neither 40S nor 60S 
subunits individually could support active in vitro poly (U)-directed 
incorporation of phenylalanine. Both subunits were required for poly- 
phenylalanine synthesis. The individual ribosomal subunits were added 
directly in various combinations to the incubation mixture, cr various 
combinations of subunits were first reassociated and the recominants or 
hybrids were added to the incubation mixture. When the four possible 
combinations of the subunits were assayed, the activity of the previousiy 
reassociated subunits was slightly higher than that for the correspond- 
ing subunits added directly to the incubation mixture. 

Recombination of the subunits (60S:40S) in a ratio of 1:1 ar 


2:1 (Aj-,) yielded monosomes that were equally active in the poly (U)- 


260 
directed polyphenylalanine synthesis. The activity of the recombinants 
was found to be about 50% of the activity of the undissociated monosomes. 
To determine whether ribosomal subunits from normal and mutant bileae es 
differed in activity, polyphenylalanine synthesis by hybrids containing 
normal and mutant subunits was studied. A comparison of the activities 
of different possible hybrids (N60S + M40S and N40S + M60S) gave almost 
the same incorporation of 140 phenylalanine as homologous combinations 
(N60S + N40S and M60S + M40S). Thus the subunits used in these studies 
contained intact RNA and a sufficient complement of proteins to reasso- 


ciate into monosomes which could support active polyphenylalanine 


synthesis. 
102 
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TRibosomes were resuspended in the resuspension buffer containing 
20% glycerol and isolated subunits were resuspended in resuspension buf- 
fer containing 204glycerol and 40 mM KCl. All ribosomal preparations 


were stored in liquid nitrogen at a concentration of OAS 60 units/ml. 


- components in the reaction mixture were at the following concen- 
trations in a final volume of 0.5 ml: 40 mM tris-HCl, pH 8.4; 12 mM 
MgCl. 70 mM KC1; 9 mM DTT; 0.5 mM GTP; 1 mM ATP; 8 mM creatine- 
phosphate; 20 wg/ml creatine phosphokinase; 0.7 uci/ml, 140 ohenylala- 
nine (sp. act. 486 mci/mmol); 240 ug/ml poly (U); 60 ug/ml brewer's 
yeast tRNA; 0.3 No 60 units/ml ribosomes; 600 ug/ml dialysed post-ribo- 
somal supernatant protein. After incubation for 60 min at 30°C,10 ul 
aliquots were collected on Whatmann 3 MM filter paper discs (21 mm dia) 


and hot trichloroacetic acid-insoluble radioactivity was measured. 
Se : : 4 : 
Separate subunits added directly to the incubation mixture. 


“previously reassociated subunits added to the incubation mixture. 


TABLE II. Phenylalanine incorporation by cytoplasmic ribosomes and 
combinations of the ribosomal subunits from embryos of 
Gateway barley and its mutant 


a ha 


Ribosomes or 


Bigs Oe Urun ts 140 “phenylalanine incorporated 
added Ratio (cpm)/10A incubation mixture® 
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Data in the table represent the average of at least two independent 


experiments with three sample replicates. 
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